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ABSTRACT 
 
The Silver Gull is a small gull (265 - 450g), which exhibits sexual dimorphism, with 
males larger than females. It has a protracted laying period of about 8 months over the 
winter on Penguin Island in Western Australia. The Silver Gull was studied on Penguin 
Island from 2000 to 2002. Completed clutches were removed from breeding pairs to 
induce repeat laying in order to determine the effect of increased reproductive effort on 
maternal body condition, egg production ability, offspring sex ratio and chick rearing 
capacity. 
 
Increased egg production had no significant effect on maternal body condition as 
measured by condition index, derived from mass divided by a measure of skeletal size. 
The seasonal period, divided into thirty-day intervals, had a significant impact on 
female condition index, with a decline in condition toward the end of the breeding 
season. While male condition also appeared to decline at the end of the season, this 
pattern was not significant. 
 
The initiation of laying varied between the three years of the study. The earliest 
occurred in 2000, which also experienced earlier rainfall than the later two years. Egg 
size and mass decreased throughout the breeding season although the number of eggs in 
a clutch did not decline. The size and mass of the eggs was significantly affected by the 
laying history of the parents, although this effect was dependent on the year in which 
the eggs were produced.  
 
The minimum interval required by Silver Gulls to replace a lost clutch is about 14 days. 
This interval increased from the start of the breeding season, but then declined toward 
the end, as summer was approaching. Laying interval increased significantly as the   iii
number of clutches produced by the parents also increased, up to 4 clutches in total. As 
more clutches were produced past this point, the laying interval became shorter.  
 
The probability of a replacement clutch being produced after clutch removal, declined 
as the clutch number increased and as the season progressed. Individuals that laid 
clutches with a larger mean mass were more likely to lay a replacement clutch. 
Increasing reproductive output caused a decline in the proportion of clutches that were 
replaced after clutch removal. The proportion of clutches that were replaced also varied 
between the years with the highest rates of replacement seen in 2000 which was also the 
year that experienced the earliest start in laying. The size of the original clutch in terms 
of its mean mass and volume was related to the size of the replacement clutch, but this 
relationship varied according to the timing of laying.  
 
During 2000 and 2001 male offspring predominated in the first two clutches produced 
by Silver Gulls. Further clutches that were produced demonstrated a sex ratio skewed 
toward females, the smaller sex in this species. Offspring sex ratio was close to equality 
in 2002 with very little effect caused by increased egg production. There was no effect 
of year, season or the laying history of the parents on hatching success. Growth rate in 
chicks was influenced by the year in which the chick hatched, the period during the 
season in which the chicks hatched, its sex and the laying history of the parents. The 
relationship between chick growth and the laying history, however, was complex with 
no consistent pattern emerging in terms of the performance of chicks from each 
treatment group. While the chicks from control groups generally grew faster than the 
chicks from manipulated parents, those individuals that were laid or raised by 
manipulated parents that had laid at least three clutches in total also performed well.  
   iv
Using the two main measures of reproductive success in the current study, egg 
production and chick rearing, those birds that were induced to lay multiple replacement 
clutches, were able to maintain a high level of condition and reproductive success. It is 
proposed that in the Silver Gull, only those individuals with a high level of condition 
continue to lay replacement clutches. If the female is unable to produce well 
provisioned eggs with a high chance of success, the breeding attempt is abandoned. 
Despite no loss of condition detected in female Silver Gulls with increasing clutch 
number, there was a significant shift in the offspring sex ratio toward females, 
indicating that strategies were in place to cope with the increased reproductive effort 
incurred as a consequence of repeat laying. Protracted laying in this species allows 
replacement of lost clutches only after maternal condition has been regained after 
laying.    v
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CHAPTER 1 INTRODUCTION 
 
1.1  Egg production costs in the Silver Gull 
 
One area of interest in vertebrate evolutionary ecology has been concerned with the 
costs of reproductive output. Studies on birds have been seminal in illuminating this 
topic, initially with the work of Lack (1968) who approached the question of why 
birds lay the clutch sizes that we observe. Most of these studies that involved clutch 
manipulations concentrated on the costs associated with chick rearing. More recently, 
however, the emphasis has shifted to egg production costs, epitomised by the work of 
Monaghan and Nager (Monaghan and Nager 1997) among others. Gulls have proved 
to be effective model organisms in which to use clutch manipulations to study the 
impact of the costs of egg production. Most gulls lay clutches with several eggs and 
will replace lost eggs or clutches.  
 
The work described in this thesis was designed broadly to complement Northern 
Hemisphere studies (Nager et al. 1999a; Kalmbach et al. 2001), by using a common 
local species, the Silver Gull Larus novaehollandiae Stephens (1826). The high 
latitude studies involved species that have a short window of opportunity in which to 
successfully raise a clutch. The Silver Gull varies in interesting ways to the high 
latitude gull species. One major difference was protracted laying by the Silver Gull, 
which represents a significantly different reproductive system to its northern 
congenerics. This situation represents an opportunity to investigate how a species with 
a protracted laying period will respond to stresses similar to those placed on the high 
latitude species. There was sufficient background information from previous studies   2
on the Silver Gull (for example, Wooller and Dunlop 1979; Dunlop 1986; Meathrel 
1991) to make effective use of clutch manipulation. This experimental study was 
designed to reveal the impact of egg production on the condition of the parents, the 
quality of the egg produced, the sex of the offspring, and the subsequent growth and 
survival of the chicks. 
 
The remainder of this chapter will introduce the Silver Gull, in terms of its 
reproductive biology and ecology, discuss the general topic of life-history trade-offs, 
highlight the specific aims of the thesis and, finally, outline the direction that each 
chapter will take. 
 
 
1.2  The Silver Gull 
 
The Laridae (gulls) encompass a diverse range of both body sizes and feeding habits, 
though most species are large and many breed in temperate zones (Reid 1987). 
Members of this family exhibit modal clutch sizes ranging from 1 to 3 eggs, with 4-
egg clutches occurring infrequently and generally the result of female-female pairs 
(Reid 1987). Clutch size distributions with modal and maximal values of three eggs 
are found in at least 11 larid species (Reid 1987), including the Lesser Black-backed 
Gull L. fuscus (Houston et al. 1983) and the Herring Gull L. argentatus (Baerends and 
Drent 1970) that breed in the Northern Hemisphere. Modal clutch sizes of two are 
found in the Silver Gull (Meathrel 1991), Red-billed Gull L. n. scopulinus in New 
Zealand (Mills 1979) and Hartlaub’s Gull L. hartlaubii in South Africa (Higgins and 
Davies 1996).   3
 
Dwight in 1925 (in Johnstone 1982), recognised five geographical subspecies within 
the Silver Gull: Larus n. novaehollandiae from the coasts, islands and lakes of 
southern Australia, north to Bernier Island in the west and the Five Islands in the east; 
L. n. gunni of Tasmania; L. n. forsteri of New Caledonia and coastal northern 
Australia from Port Darwin east and south to the Capricorn group; L. n. scopulinus of 
New Zealand; and L. n. hartlaubii of south-western Africa. 
 
Further examination of the geographic variation within Australia has placed the Silver 
Gull as a member of the Larus cirrocephalus species-group which is entirely 
restricted to the Southern Hemisphere (Johnstone 1982). Members of this group 
include the Grey-headed Gull L. cirrocephalus of South America, Hartlaub’s Gull of 
south-western Africa and the Black-billed Gull L. bulleri of New Zealand. Together 
with the Black-headed Gull L. ridibundus, South American Brown-hooded Gull L. 
maculipennis, Andean Gull L. serranus, and the more distantly related Indian Brown-
headed Gull L. brunnicephalus, Saunders Gull L. saundersi, Bonaparte’s Gull L. 
philadelphia and the Slender-billed Gull L. genei, a well-defined group is formed 
(Cramp and Simmons 1983).  
 
Silver Gulls are found within Australia along the coastlines, rivers and at times the 
inland waters, both fresh and salt water. They form loose associations with other 
species of both land and sea-birds to exploit some locally abundant food source 
(Serventy et al. 1971). The Silver Gull is unusual among the world’s gull species in 
being double-brooded (Nicholls 1964). In south-western Australia, Wooller and 
Dunlop (1979) found that Silver Gulls on Carnac Island did not show a double nesting   4
regime. Rather their laying pattern was consistently trimodal with peaks in autumn 
(April), winter (June) and spring (August-September). The main laying peaks are 
followed by a pronounced trough in newly initiated clutches (Dunlop 1986), with 
peaks becoming progressively less synchronised throughout the protracted season 
(Wooller and Dunlop 1979). 
 
In mid-western Australia, a warm, offshore, southward drift predominates during the 
colder months (May-September) and maintains offshore surface water temperatures 3-
4°C higher than would otherwise be the case (Wooller and Dunlop 1979). As a result, 
spring and autumn are climatically similar, and the winters are mild. The breeding 
seasonality of other species during autumn, winter and spring also suggests 
considerable climatic equability and food availability at these times (Serventy et al. 
1971). The pattern of breeding seen in the Silver Gull in south-western Australia 
suggests that it may be in the process of adjusting its more ‘temperate’ reproductive 
system to a more ‘tropical’ one (Wooller and Dunlop 1979). This view, however, is 
based on the assumption that a temperate reproductive system, typical of high latitude 
gulls, is the ancestral condition. 
 
Silver Gulls are sexually dimorphic with adult males being roughly 10-12% larger 
than adult females (Meathrel 1991; Lamont 1999). Silver Gulls usually lay two eggs, 
but will occasionally lay three or even four eggs. The eggs are variable in colour, the 
most common being brownish, olive blotched and marked with black and brown 
(Serventy et al. 1971). Within clutches, successive eggs are smaller and in years of 
poor foraging efficiency, third laid eggs will be smaller than in good years (Mills 
1979). Meathrel (1991) found that the mean size of eggs did not vary between years   5
or between laying peaks, while Wooller and Dunlop (1981) and Dunlop (1986) found 
that clutch and egg sizes decreased immediately after the main peak in laying and 
between years (Wooller and Dunlop 1981a). In the Red-billed Gull, egg size tends to 
increase with the age of females up to 7 years old, and there is a correlation between 
lower body weight and lower egg volume in birds weighing less than 275g (Mills 
1979).  
 
Nests are a simple scrape in the ground constructed from whatever materials are 
readily available, such as grasses and seaweed. Immediately prior to laying, the 
breeding pair will line the nest with softer materials such as feathers (Higgins and 
Davies 1996). Nests are usually placed near or in the cover of small bushes or other 
objects in otherwise open space. Silver Gulls show high site fidelity (Dunlop 1986), 
with 93% of individuals retrapped on Carnac Island in Western Australia being in the 
same area and 91% at the same site as the previous year (Wooller and Dunlop 1979). 
Incubation of eggs, by both parents, takes between 21 and 27 days. Fledging occurs 
after 3-4 weeks of joint parental care, with young gulls attaining independence by 
about 6 weeks old, when they learn to fly (Serventy et al. 1971). 
 
 
1.3  Life-history trade-offs 
 
Life-history theory is concerned with strategic decisions over an organism’s lifetime 
(McNamara and Houston 1996). A key question in the evolution of life-histories is the 
extent to which individuals invest in current reproductive effort and the extent to 
which they conserve resources in order to breed again (Stearns 1992). When the   6
organism concerned is long-lived, decisions regarding limitation of current 
reproductive effort in order to conserve resources for future reproductive events 
become vitally important. The ways in which individuals partition their reproductive 
investment within and between breeding attempts is a central factor in life-history 
theory.  
 
Birds have been divided into a slow-fast continuum (Sæther et al. 1996). At one end 
of the scale are ‘high-reproductive species’ that produce a large number of offspring 
during a short period of time, but where adult survival is low, such as the Great Tit 
Parus major in Europe (Sæther et al. 1996). At the other end of the scale are 
‘survivorship’ species that only produce very few (often only one) offspring during a 
successful breeding season, but are characterised by high adult survival rates (Johnsen 
et al. 1994; Sæther et al. 1996), such as procellariiform seabirds. Sæther et al. (1996) 
identified a third group, the ‘bet-hedging species’ which live in favourable breeding 
and survival habitats, but for which the annual variation in the quality of the breeding 
habitats is very large, favouring the evolution of a larger clutch size than in the 
survivorship species. Bet-hedging species are exemplified by gulls and waders 
(Sæther et al. 1996), such as the Silver Gull which is also a long lived species 
(Ottaway et al. 1988). 
 
The difference between the two long-lived life-history categories is that low 
availability or difficult access to resources prevents high reproductive output in the 
high survivorship species, e.g. in the Procellariiformes (Sæther et al. 1996). The 
reproductive output in the bet-hedging species is determined by stochastic variation in 
breeding conditions, such as annual fluctuations in food availability, climate or   7
predators (Sæther et al. 1996). It has been suggested that bet-hedging species may 
produce a less than maximal reproductive effort in a year when resources are more 
available than average, in order that they have some residual physical fitness to 
support a better than expected breeding effort in a year when resources are less 
available (Stearns 1992; Sæther et al. 1996). Thus, while the mean reproductive 
output across years of the two long-lived groups may be similar, the variance among 
years in their reproductive success may be larger among the bet-hedgers (Sæther et 
al., 1996). This has resulted in the evolution of a strategy with a large number of 
breeding attempts combined with a larger clutch size in the bet-hedging species 
(Sæther et al. 1996).  
 
Bradley et al. (2000) felt that the dichotomy proposed by Sæther et al., (1996) 
between the long-lived species and the bet-hedgers was a little artificial. Bradley et al. 
(2000) argued that a stochastic breeding habitat, typical of bet-hedging species, is also 
found amongst the archetypal survivorship species, the procellariiform seabirds. 
Clutch size in the shearwaters, for example, is strongly constrained to a low constant 
value rather than allowed to reflect annual variation in habitat quality. Therefore, 
these species may represent the extreme of the bet-hedging range, in that they have 
the most prolonged lives and most constrained reproductive effort in the face of 
habitat variation (Bradley et al. 2000).  
 
Current life-history theory (Stearns 1992), dictates that the amount of parental 
investment in long-lived species should be influenced by the relationship between 
current reproductive effort and future adult survival, as opposed to those species 
whose adult survival rate is low. This theory predicts that long-lived species will   8
preferentially partition reproductive costs toward offspring when under stress, in order 
to ensure future adult survival. Thus, an understanding of the proximate mechanisms 
involved in the regulation of reproductive effort may also identify potential life-
history options, particularly amongst long-lived species (Johnsen et al. 1994).  
 
It was Lack’s (1968) opinion that features characterising breeding in birds such as 
laying date, clutch size, egg size, growth rate and duration of the nestling period had 
all evolved so that in their natural habitat “the birds concerned produce, on average, 
the greatest possible number of surviving young”. Lack (1968) indicated that in this 
way, individuals ensured that they were leaving the greatest representation of 
individual genotypes to future generation. Lack (cited in Drent and Daan 1980), 
identified the main selective pressures as food availability to the young and, to a 
lesser extent, the laying female, and the risk of predation of eggs, young and parents. 
Lack (1968) proposed that seasonally declining trends probably reflect a diminishing 
food supply for nestlings, and that ultimately clutch size should be adjusted to the 
conditions for rearing the young. The emphasis of Lack’s hypothesis was clearly on 
the survival of the offspring, rather than that of the parents, and has since been 
reviewed and elaborated.   
 
Seasonal reduction of clutch size, egg size and hatching success has been reported in a 
variety of avian species (Klomp 1970) including many larids. Examples include the 
Herring Gull, (Parsons 1976; Meathrel and Ryder 1987a); Ring-billed Gull L. 
delawarensis, (Meathrel and Ryder 1987a); Black-legged Kittiwake Rissa tridactyla, 
(Coulson 1966); Lesser Black-backed Gull, (Brown in Meathrel 1991) and the Red-
billed Gull (Mills 1979). Some of the observed seasonal decline in clutch and egg   9
sizes has been attributed to the age and nesting experience of birds (Meathrel 1991). 
The reproductive performance of many larids, measured by clutch and egg sizes, is 
known to improve with breeding age (for species review see Meathrel 1991). It is also 
recognised that older, more experienced birds lay earlier in the season (Coulson 1966; 
Mills 1979; Wooller and Dunlop 1979). 
 
Numerous studies have attempted to measure reproductive costs by means of clutch 
manipulation experiments (for reviews see Linden and Møller 1989; VanderWerf 
1992; Monaghan and Nager 1997). If parents of enlarged broods can produce 
significantly more offspring than parents of normal broods, then Lack’s food 
limitation hypothesis is not supported (VanderWerf 1992). Indeed, many brood 
enlargement studies have found that significantly more fledglings are produced in 
experimentally enlarged broods than in control broods, indicating that parents are 
capable of raising more young than the number of eggs they lay (Linden and Møller 
1989; Partridge 1989; Roff 1992; Stearns 1992).  
 
The problem that clutch manipulation experiments highlight is that most birds are 
cautious parents and produce a clutch size smaller than the most productive (Drent 
and Daan 1980). Results from these experiments force the interpretation that 
achievement of the most productive clutch size would cause a substantial decline in 
subsequent survival for those parents attempting this. The problem is, that there is not 
a single most productive clutch size. Instead, the answer appears to depend on some 
interplay between local environmental conditions and the state of the parent (general 
proficiency as influenced by experience and state of energy and nutrient balance) 
(Drent and Daan 1980). 
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The fact that birds can often rear more young than the number of eggs they lay, was 
addressed to some extent by modifying Lack’s (1968) hypothesis to include the 
concept of trade-offs between clutch size and adult survivorship (Charnov and Krebs 
1974). Williams (1966) and Klomp (1970), among others, pointed out that the number 
of young surviving to breed is an incomplete measure of fitness. Since many birds 
reproduce several times, adult survival must be considered. Williams (1966) pointed 
out that reproduction retains a cost, lowering parental survival and reproductive value, 
thereby reducing the expected contribution to the ancestry of future generations. 
Selection therefore, might favour a lower reproductive effort than that which would 
maximise the production of young during a given season. Perhaps the most influential 
development in the theory of life-history is that costs incurred at one stage of the life-
cycle must be repaid elsewhere (Cockburn 1991).  
 
It is now widely recognised that simply counting the number of young fledged during 
a single breeding attempt does not represent an adequate measure of parental fitness 
(Roff 1992; Stearns 1992). Parental fitness and future reproductive performance, as 
well as offspring recruitment rate and subsequent productivity, may be reduced as a 
result of increased parental effort in rearing the young to independence (Linden and 
Møller 1989; Stearns 1992). Clutch size is one aspect of avian reproduction that may 
be adjusted to tailor reproductive effort to individual capacity and local conditions, 
thereby maximising lifetime reproductive success (Bolton et al. 1993). The length of 
the breeding season, and multiple breeding attempts within that season, is another. 
More recent studies on boreal gulls (Nager et al. 1999a) and other bird species (for 
example, Torres and Drummond 1999; Green 2002) have highlighted yet another way 
to manipulate reproductive effort through the facultative adjustment of offspring sex   11
ratios. One of the first studies to clearly demonstrate facultative sex ratio 
manipulation by adult females was that on the Seychelle’s Warbler Acrocephalus 
sechellensis (Komdeur et al. 1997). This study will be discussed in detail in a later 
chapter. 
 
In an attempt to elucidate the true costs of reproduction in species that show parental 
care, the main emphasis initially was on the constraints imposed by brood rearing 
costs and on trade-offs between broods, mediated through the effects of increased 
effort on subsequent survival and fecundity (Williams 1966; Roff 1992; Stearns 
1992). Earlier studies also compared years or seasons rather than stages of a single 
annual reproductive cycle, such as laying, incubation and chick rearing. It has now 
become clear that trade-offs operating within a single breeding cycle may also be a 
key determinant of clutch size (Bolton et al. 1993; Heaney and Monaghan 1995; 
Monaghan and Nager 1997; Heaney et al. 1998), offspring sex ratio (Komdeur et al. 
1997; Nager et al. 1999a; Nager et al. 2000) and lifetime reproductive success of the 
parents.  
 
As mentioned above, until recently most costs associated with brood enlargement 
have been attached to the seemingly crucial chick rearing phase with little 
consideration for costs incurred during the production of eggs and the incubation 
phase. Brood enlargement studies in the past have involved giving parents extra eggs 
or chicks taken from another pair without consideration to egg production (Linden 
and Møller 1989; VanderWerf 1992). This protocol was assumed to mimic 
realistically the costs of producing additional young because it was assumed that the 
major reproductive constraints operate after the young hatch. However, the failure of   12
these experiments to include the full cost of an increased brood, but rather to omit the 
process of egg production and generally most of the incubation costs, is potentially 
very important (Partridge 1989; Heaney and Monaghan 1995).  
 
Heaney and Monaghan (1995) compared the reproductive performance of Common 
Tern Sterna hirundo parents given an extra egg or chick with those that had to lay the 
additional egg themselves. This study provided the first demonstration of a within-
clutch trade-off between producing and rearing extra eggs. When parents incurred the 
costs of producing, as well as rearing extra young, their capacity to rear an enlarged 
brood was negated.  
 
Heaney and Monaghan’s (1995) results clearly showed that the way in which broods 
are enlarged had an important effect on the extent to which parents can rear additional 
young. Only when laying and incubation costs were excluded did the terns 
successfully rear a larger brood. The greater the degree of additional cost, and hence 
the closer the experimental protocol mimicked the natural situation the birds would 
face in producing more chicks, the poorer the breeding success of the parents (Heaney 
and Monaghan 1995).  
 
In the study of Common Terns, the within-clutch cost of egg production appeared to 
be mediated by a negative effect on parental condition, resulting in a reduced capacity 
to provision young (Heaney and Monaghan 1995). It has generally been assumed 
from previous brood enlargement studies in birds that the main costs of producing 
additional young operate as a between-clutch, rather than a within-clutch trade-off, 
through a reduction in reproductive value (Roff 1992; Stearns 1992).    13
 
Recent clutch manipulations that have involved egg additions, partial and complete 
removals, and inducing birds to lay extra eggs have been very effective in assessing 
the mechanisms that constrain egg production in birds that typically lay clutches 
containing more than one egg. However, studies such as those conducted by Heaney 
et al. (1998), Houston et al. (1983) and Monaghan et al. (1989) have all involved 
species that typically lay clutches of several eggs and only make one breeding attempt 
per season within a restricted time window, such as the boreal gulls and terns. It is 
generally recognised that species breeding at higher latitudes (Table 1.1) are subject 
to more restrictive climatic and oceanographic cycles, which limit their breeding to 
the summer (Baker 1938; Furness and Monaghan 1987). 
 
 
 
 
 
Common Name 
 
Species Name  Latitude 
Lesser Black-backed Gull  Larus fuscus  60° - 70° N 
Herring Gull  L. argentatus  45° - 70°N 
Black-headed Gull  L. ridibundus  44° - 65°N 
     
Silver Gull  L. n. novaehollandiae  10° - 38° S 
Red-billed Gull  L. n. scopulinus  35° - 50° S 
Hartlaub’s Gull  L. hartlaubii  22° - 35° S 
 
 
Table 1.1; Breeding locations of gull species mentioned in the text (Cramp and Simmons, 
1983; Higgins and Davies, 1996). 
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1.4  Aims of the thesis 
 
This thesis describes a study designed to test the trade-offs between current 
reproductive effort and future reproductive ability operating within the Silver Gull, a 
common local species whose biology is well known (Dunlop 1978; Wooller and 
Dunlop 1979; Meathrel 1991). The primary aim was to investigate whether 
reproductive effects caused by increased egg production in high latitude gulls, would 
be replicated in a species with a much more protracted laying season. It was 
hypothesised that inducing Silver Gulls to lay additional clutches of eggs, would 
reveal subsequent reduction in egg quality, changes in offspring sex ratios or chick 
rearing ability of the parents.  
 
Reproductive systems have been thoroughly investigated using similar methods in 
boreal species, as noted in the preceding section. The experimental protocol used was 
broadly based on Northern Hemisphere studies, although it used a somewhat different 
framework because the Silver Gull differs in several important respects, namely:  
 
1.  It has a modal clutch size of two eggs, not three. 
2.  It has a very protracted laying period (April to November) near Perth.  
3.  Two broods are often raised to independence within a calendar year. 
4.  Silver Gulls are smaller than many boreal species (i.e. the Lesser Black-backed 
Gull). 
5.  Silver Gulls have a shorter life span (maximum 23 years) than the larger, high-
latitude species (maximum 34 years for the Lesser Black-backed Gull). 
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The method of determination of egg production costs in Silver Gulls also differed in 
some aspects from studies on the boreal species. Like the earlier studies, exchange of 
eggs between natural and foster parents was used to separate the effect of extra egg 
production costs upon the quality of the egg from those incurred by the natural parents 
that laid the egg, a process that may have affected their chick-rearing ability. 
However, initial investigations into the relaying ability of the Silver Gull highlighted 
the need for clutch exchange to occur only when a period of 10-14 days had elapsed 
after laying and a whole replacement clutch had been laid. The Silver Gull would not 
replace individual eggs as they were removed in an indeterminate manner, unlike 
many boreal species, which, in addition to replacing whole clutches, are also able to 
lay a replacement egg immediately after egg loss occurs, effectively increasing their 
clutch size to four eggs.  
 
The study uses an egg manipulation protocol to examine various measures of 
reproductive fitness in the Silver Gull including the body condition of the parents, 
parameters of eggs produced, hatching and survival of the chicks, the sex of the 
offspring and the subsequent growth of the chicks. The impact of a varying degree of 
previously induced laying on the gulls is measured by changes in the underlying 
measures of fitness. 
 
Specifically, this thesis addresses the following questions: 
•  Does extended female laying due to clutch loss lower the body condition of the 
breeding pair?  
•  Are later eggs in the laying sequence, or later clutches in the replacement 
sequence, any smaller or fewer in number? 
•  How is the re-laying interval affected by the increased reproductive effort?   16
•  Is there any change in the offspring sex ratio or egg viability during an extended 
laying period? 
•  How are chicks affected by increased egg production in terms of hatching success, 
growth and survival?  
•  Do male and female chicks respond differently to increased reproductive effort in 
the parents? 
•  What changes in the reproductive output of individuals are due solely to 
environmental factors, irrespective of the experimental treatment? 
 
 
1.5  Organisation of the thesis 
 
Chapter 2 outlines the environmental features of the study area, the experimental 
design adopted, the general field procedures employed to study the gulls, and the 
statistical tests used in the analysis. Chapter 3 examines the changes in body condition 
of male and female adult gulls and the subsequent effect of any such changes upon 
their offspring. Chapter 4 examines variations in egg-size, clutch-size and re-laying 
ability throughout the entire breeding season for each of the three consecutive years of 
this study. This allowed investigation into the possibility that costs associated with 
extra egg production in the Silver Gull may be incurred at the egg stage, evident in a 
decrease in the size or number of eggs, or the ability to lay replacement clutches. 
Chapter 5 investigates the manipulation of offspring sex ratios with increased 
reproductive effort. Chapter 6 assesses the hatching success, survivorship and growth 
of nestlings and highlights any differences between male and female offspring. I 
attempt to identify any egg production costs operating at the chick-rearing phase, such 
as a reduction in egg quality from the natural parent translating into lowered chick 
success, or a decline in the ability of foster parents to provision the young. Both 
Chapters 3 and 5 also examine seasonal changes in reproductive parameters over   17
time. Finally, Chapter 7 addresses the issues using he the hypothesis that the extended 
breeding season of the Silver Gull means that they are not subject to the same 
environmental or time constraints as boreal gulls.  
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CHAPTER 2 GENERAL MATERIALS AND METHODS 
 
2.1  The study area 
 
Penguin Island, in south-western Australia (32º 17’S, 115º 41’E), is the second largest 
in a linear chain of islands and rocks of aeolianite limestone, the remnants of a former 
dune ridge (Dunlop et al. 1988). It is located 42 km south-west of Perth, 
approximately 600m west of Mersey Point in Shoalwater Bay (Figure 2.1). Penguin 
Island is approximately 12.5 ha in area, with a maximum elevation of 20m, and is an 
elongate island oriented north-south and parallel to the coastline. On the sheltered 
eastern side, a deep-sand tombolo reaches toward Mersey Point on the adjacent 
mainland shoreline. The sand bar can be waded across during much of the year and is 
totally exposed by the spring low tides.  
 
The island is an A-class Reserve (A17070) managed as a Conservation Park by the 
Western Australian Department of Conservation and Land Management. There is boat 
access to the beaches on the eastern side and a ferry transports passengers to the 
island from September to June. The island is officially closed to visitors during the 
winter months of June, July and August.  
 
Infrastructure on the island consists of the Ranger’s station, research accommodation, 
an enclosure for captive penguins, and a series of wooden boardwalks. There is no 
food outlet or accommodation available to the public. Areas of access for the public 
are limited to the boardwalks, beaches and settlement area, while the remainder of the 
island is designated a bird sanctuary zone.    19
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Figure 2.1: Location map showing the position of Penguin Island in relation to the south-west 
coastline of Western Australia.  
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2.1.1  Climate of the region 
 
The climate of Penguin Island is typically Mediterranean, characterised by hot dry 
summers and cool wet winters. The mean annual rainfall is 773 mm (Bureau of 
Meteorology), most of which falls during the winter months of June, July and August 
Figure 2.2). While mean daily average temperatures range from 14.9°C in winter to 
21.5°C in summer (Bureau of Meteorology), daily summer temperatures are mostly in 
excess of 30°C and occasionally exceed 40°C. During the cooler winter months, 
Penguin Island does not experience frosts or snow with overnight temperatures 
consistently remaining above 0°C. 
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Figure 2.2: Mean maximum monthly rainfall received at Penguin Island from January to 
December for 2000, 2001 and 2002 (Bureau of Meteorology, Western Australia).  21
2.1.2  Geomorphology and vegetation 
 
The northern and southern ends of the island are limestone plateaux reaching 10m 
above sea level, overlain with a thin layer of sand. The bounding limestone cliffs are 
undercut beneath the travertinized lip of the plateaux and erosion has produced slopes 
of talus and scree (Dunlop et al. 1988). On these plateaux, the dominant vegetation in 
shallow soils comprises mats of Carpobrotus virescens and Frankenia paucifolia 
(Dunlop 1986). Where soil is sufficiently deep, a low succulent heath of Rhagodia 
baccata predominates (Meathrel 1991). Within the dense gull colonies, trampling and 
heavy manuring by gulls promotes the growth of the caprophilous shrubs Lavatera 
spp. In open areas, winter annuals such as Senecio lautus, a range of exotic herbs, 
nettles, and grasses replace the vegetation. The talus slopes are dominated by Nitraria 
billardierei and the trailing succulent Threlkeldia diffusa (Dunlop et al. 1988).  
 
Deep sand dunes reaching 20 m in height occupy the central section of the island. The 
relatively stable eastern slopes are vegetated with low thickets of Acacia rostellifera, 
while eroded areas are poorly vegetated. The low lying sands of the tombolo area, not 
cleared for development, are vegetated with bushes of Rhagodia baccata and trailing 
Tetragonia decumbens and Threlkeldia diffusa (Dunlop et al. 1988). 
 
2.1.3  Breeding seabirds 
 
Penguin Island supports the second largest colony of nesting Silver Gulls in Western 
Australia. The largest colony is found on Carnac Island, 24 km to the north (Dunlop 
1986). The only other major breeding colonies of Silver Gulls occur on Rottnest   22
Island and on the islands around Albany (Meathrel 1991). Minor breeding colonies 
also occur along rivers and inlets, inland lakes and swamps, and on smaller islands 
and rocks along the Western Australian coastline. 
 
Silver Gulls nest over the northern and southern plateaux, talus slopes and western 
sand dune of the island. However, investigation was limited to the southern plateau 
(Figure 2.2) due to the presence of breeding Australian Pelicans Pelecanus 
conspicillatus on the northern plateau at the time of the study. Laying by Silver Gulls 
usually begins in late March or early April and breeding continues until November. 
Wooller and Dunlop (1979) found gull populations on Carnac Island to have three 
peaks of egg-laying, occurring in April, June and August/September, with a modal 
clutch-size of two eggs. The present study examined all three laying peaks across the 
breeding seasons on Penguin Island from 2000 until 2002.  
 
Due to the variety of habitats on Penguin Island, several other seabird species have 
been recorded breeding on the island. These include the Little Penguin Eudyptula 
minor, Little Shearwater Puffinus assimilis, Australian Pelican, and the Bridled Tern 
Sterna anaethetus (Dunlop et al. 1988). The Pied Cormorant Phalacrocorax varius 
has also established a breeding colony on the island in recent years and in 2002 a pair 
of Pied Oystercatchers Haematopus longirostris successfully raised a chick to 
fledging. Land birds, including the Buff-banded Land Rail Gallirallus philippensis, 
and Feral Pigeons Columba livia, also breed on the island. A pair of Black-shouldered 
Kites Elanus axillaris were seen nesting on the island in 2001 and 2002. 
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2.1.2  Predatory birds and other vertebrates 
 
The King’s Skink Egernia kingii is a predator of Silver Gull eggs, taking fresh eggs 
from unattended nests (Wooller and Dunlop 1990, personal observations). They are 
also responsible for removal of eggs from the Little Penguin (Meathrel and Klomp 
1990) and Bridled Tern Sterna anaethetus nests (Dunlop et al. 1988). There have 
been no published reports of King’s Skinks taking Silver Gull chicks on Penguin 
Island, although anecdotal evidence suggests that this does occur within seabird 
colonies on the Houtman Abrolhos islands. Another potential predator of gull eggs is 
the Buff-banded Land Rail, although once again there are no published records of 
this. 
 
House Mice Mus musculus were introduced to Penguin Island around 1920 (Sedgwick 
in Dunlop et al. 1988) and are now common. Mice appeared to be responsible for the 
removal and destruction of several fresh eggs and replacement boiled eggs (see 
section 2.3.4 for explanation) throughout the course of this study. Predation by mice 
was inferred when small burrows were found leading into fenced gull nest areas 
where eggs had gone missing. In addition, several dead mice were found stuck in the 
wire fences (see section 2.2.3 for explanation of fencing method). 
 
Silver Gull chicks were removed from nests and eaten by Pied Cormorants on several 
occasions during the study. These predation events coincided with the presence of 
cormorant chicks within the cormorant colony breeding on the northern end of the 
island. Gull chicks were also removed from their nests, and presumably eaten, by 
other Silver Gulls (Lamont 2003).   24
 
Dunlop and others (1988) reported sightings of a Marsh Harrier Circus aeruginosus, a 
Little Eagle Hieraaetus morphnoides, and Barn Owls Tyto alba making regular visits 
to the island and probably taking many Silver Gulls. Predation of juvenile and adult 
gulls by Little Eagles was witnessed on many occasions during this study. Black-
shouldered Kites were also seen taking juvenile Silver Gulls. Another species seen 
near Penguin Island during this study was a White-bellied Sea Eagle Haliaeetus 
leucogaster. 
 
 
2.2  Experimental design 
 
As established in Chapter 1 (Section 1.4) the primary aim was to investigate the 
extent to which egg production costs from previous breeding attempts, within the 
extended breeding season of the Silver Gull, affected reproductive ability in natural 
and foster parents. The effects of relaying on a female gull was assessed in terms of 
her physical condition, the quality or sex of subsequent eggs, and her ability to 
incubate eggs and raise chicks.  
 
Egg exchange between nests allowed unconfounded measurement of these effects 
should they occur. The quality of the eggs, not confounded by the subsequent 
condition of the mother, was measured as the hatchability of the eggs and the growth 
and viability of the chicks when raised by foster parents. The incubating and rearing 
ability of the mother, not confounded by effects in the eggs she had laid, was 
measured by allowing her to rear cross-fostered eggs laid by other parents. The sex of 
the offspring was determined using molecular techniques and blood or tissue samples   25
(see Section 5.2 for explanation), while any physical change in the mother was 
evident by differences in her body measurements.  
 
Egg removal occurred immediately after the cessation of laying from the numbered 
nests of individually marked birds, in order to induce laying of replacement clutches, 
began in April 2000 and continued until the cessation of laying in 2002. As pairs 
began to re-lay they were assigned to an experimental group on the basis of how 
many clutches they had previously laid within the year. This varied from one 
additional clutch to seven additional clutches, with the majority of cases producing 
between one and three replacement clutches. Seasonal period within each calendar 
year was introduced into the analysis to control for any seasonal effects.  
 
The number of nests selected for clutch removal designed to induce re-laying, was 
determined by the percentage of gulls that laid replacement clutches after egg 
removal. This estimate was made using data from the first breeding season in 2000, as 
well as from information gained during earlier work in 1999. The 2000 breeding 
season was also used to build up the numbers of individually banded birds, while 
conducting the egg removal experiments. The effects of egg removal were only 
measured at the egg stage during this year as no Silver Gulls were allowed to raise 
chicks for experimental purposes until 2001.  
  
All of the nests selected for the 2001 and 2002 breeding seasons were involved in a 
clutch exchange once the required number of clutches had been laid, so that no adults 
incubated their own eggs or reared their own chicks (Figure 2.3). The first-laid eggs in 
a clutch (the a-eggs) from nests in which clutch removals were performed, were   26
exchanged with control a-eggs from previously unmanipulated birds that had laid on 
the same day that the replacement clutches were laid. The second-laid egg in the 
clutch (the b-eggs) from experimental and control nests were removed and replaced 
with a hard-boiled Silver Gull egg as similar in appearance and size as possible. This 
procedure ensured that the incubation effort remained consistent with that of a two-
egg clutch, while removing any potential sibling competition effects. The exchange of 
clutches meant that two different effects could be measured independently, such that 
incubating and chick-rearing abilities would not be confounded with the intrinsic 
quality of an egg. Sequential laying effects measured any change in resource 
allocation by the female to individual eggs. 
 
This experimental design allowed tracking of natural parent (laid the egg) laying 
history and foster parent (reared the chick) laying history for each chick. Laying 
history was measured as the number of clutches laid prior to the experimental clutch. 
The design also allowed grouping of more clutches into critical combinations to 
measure the effects of natural parent history and the effects of foster parent history 
(Figure 2.3). However, in doing this we sacrificed the opportunity to measure 
interactive effects between natural and foster parent histories. With a maximum 
number of clutches of eight, the possible number of combinations between the natural 
and foster parent histories would have 49 treatment groups and an experiment that 
required many more breeding pairs than were available in the colony.  
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Natural parent laying history 
 
  Control – one 
clutch in total 
Two clutches 
in total 
Three or 
more clutches 
in total 
Control – one 
clutch in total 
a-eggs 
exchanged 
a-eggs 
exchanged 
a-eggs 
exchanged 
Two clutches 
in total 
a-eggs 
exchanged 
X X 
 
Foster 
parent 
laying 
history 
Three or 
more clutches 
in total 
a-eggs 
exchanged 
X X 
 
 
 
Table 2.1: Exchanges of the a-eggs between natural and foster parents and their associated 
laying efforts. X = no exchange took place.    28
2.3  Field procedures 
 
Visits were made to Penguin Island from the first week in April through to the end of 
laying or chick rearing in November/December each year during 2000, 2001 and 
2002. When possible, nest checks were made daily during the laying period and 
involved no more than two people, to minimise disturbance to the gulls. Visits to the 
colony were prevented by rain episodes and bad weather that reduced access to the 
island by ferry. The frequency of visits decreased to every 2 or 3 days, with a 
maximum of 6 days absence, when the ferry stopped operating in winter (June to 
August inclusive). At this time access to the island was limited to crossings by paddle 
ski. Fortunately, this coincided with the hatching and growth periods of the chicks 
when measurements were not required on a daily basis.  
 
2.3.1  Nest and egg identification 
 
The main study area, containing around 400 nests each year, was established across 
the southern plateau of Penguin Island. Included in the study area were some centrally 
nesting birds and some outlying nests, but it did not include nests situated on the cliff 
edges as these may have been more vulnerable to nest failure due to wind exposure. 
The different treatments were assigned at random spatially within the study area in 
order to prevent any area effects during analysis. A 10m x 10m grid over the study 
site allowed mapping of individual nest locations and subsequent re-identification of 
each nest on a daily basis. Identification of recently active nests was achieved by daily 
nest checks during the egg laying period, marking each nest with a bamboo stake and 
numbered metal tags attached to nearby vegetation. A nest was considered to be 
active either if it contained eggs or if it appeared to be freshly constructed. Empty   29
nests or nests with partially completed clutches were marked and checked daily 
during the laying period until clutches were complete, allowing accurate identification 
of the laying date and sequence of the eggs. The first-, second- and third-egg in the 
laying sequence will be termed the a-, b- and c-egg respectively throughout the thesis.  
 
In cases where the laying date was not known, an attempt to calculate the age was 
initially trialled. Calculating laying dates from egg weight using the technique 
established by Wooller and Dunlop (1980) resulted in some inaccurate estimations of 
egg age in known-age eggs and was therefore discarded. Position within the laying 
sequence was identified using egg shell markings in cases where the age of the eggs 
was unknown, with the last egg in two- and three-egg clutches having streaked, rather 
than spotted, pigmentation (Wooller and Dunlop 1979). This technique was found to 
be completely accurate on a sample of 57 clutches in which the laying sequence was 
known, and has been confirmed in at least three other gull species (Chamberlin in 
Wooller and Dunlop 1979). Egg age was therefore estimated using shell pigmentation 
to establish laying sequence, combined with an estimation of age based on a middle 
point between the last date when the nest was observed to be empty and the first date 
the eggs were observed in the nest.  
 
The maximal lengths and breadths of eggs were measured to ± 0.02 mm using vernier 
callipers. Egg volumes were calculated using the formula klb
2, where k was the 
constant 0.496, l was the maximal length (cm) and b the maximal breadth (cm) of the 
fresh egg (Wooller and Dunlop 1979). All eggs were weighed to within ± 0.1g with 
an electronic, top-pan balance within 24 hours of being laid when possible.   30
2.3.2  Adult identification 
 
Despite the high site fidelity of the Silver Gull, large CSIRO aluminium numbered leg 
bands were used to identify adult gulls (Ottaway et al. 1984). Wooller and Dunlop 
(1979) found that 93% of retraps on Carnac Island in WA were in the same area and 
91% at the same site between years, as mentioned previously. During a re-laying 
attempt, birds will generally lay in their original nest cup, or in close proximity, 
allowing for slight drift in the position of sites in response to growth of vegetation 
(Dunlop 1986). The leg bands had the embossed number repeated several times 
vertically around the band. The number was also painted black to allow easy 
identification up to 10m away using a pair of binoculars. Banding of gulls in this way 
reduced disturbance to the breeding pair when they did not need to be caught for 
assessment of body condition, while allowing accurate identification. Banded pairs 
were assigned a nest number that remained with them throughout the study. Female 
identity was used to define the nest number in cases of mate change. The sex of each 
gull was determined by a combination of external measurements (Wooller and 
Dunlop 1981b) and cloacal distention in post-laying females if the egg was collected 
within 1-2 days of laying. 
 
Identification of chicks was ensured by confining each chick to the nesting area for a 
period of up to 50 days with a wire mesh fence. Fence construction is discussed in 
section 2.3.3. Only one chick was allowed to hatch at each nest, thus preventing 
sibling interactions and eliminating the need for individual marking. If a chick 
escaped from the fenced area, it was easily identified, if found in the nearby bush, by   31
a small white scrape on the beak caused by repeated gonys measurements using 
vernier callipers. 
 
2.3.3  Nest enclosures 
 
After establishment of an experimental nest, wire mesh fences were placed around 
each nest to prevent movement of chicks out of the immediate nest area into 
surrounding bushes, as is the usual habit of the Silver Gull, and to slow predation of 
eggs by the King’s Skink before hatching. This method has been successfully 
employed in at least two other studies (Bukacinski et al. 1998; Royle and Hamer 
1998). Fences were erected between the time that clutch exchanges occurred and the 
time that the chick hatched, with most nests being fenced immediately after an 
exchange. The fences averaged 50 cm in height with a 100-120 cm diameter and were 
constructed from 20 mm diameter mesh bird-wire fencing. Each fence was dug into 
the ground to a depth of approximately 3-5 cm to prevent it being blown away in the 
wind or being pushed over by the gulls. On most occasions, adults resumed 
incubation of their eggs within five minutes of the fences being placed around the 
nests. Fences did not interfere with chicks being fed by the parents.  
 
A nest shelter was placed within each nest enclosure to replace the protection that gull 
chicks would normally receive from their parents or while hiding in nearby bushes. 
Each shelter was constructed from PVC pipe, approximately 20-30 cm long with a 
diameter of 15 cm, buried on its side to a depth of approximately 3 cm. Nest shelters 
were placed within 20 cm of the nest in such a way as to allow easy access for the 
chick and adults, and to prevent flooding during rain. Each shelter was in place prior   32
to the hatching of the chick. The end of the pipe furthest from the nest was partially 
blocked with freshly cut vegetation to create a dark hiding space for the chick. 
 
2.3.4  Clutch manipulations 
 
The experiment was designed to produce tests of the effect on breeding success of 
natural and foster parents with varying laying histories. Egg removal trials, completed 
in 1999, involved removal of the first egg within 12 hours of being laid or the removal 
of a completed 2-egg clutch. The removal of the first laid egg to induce replacement 
egg laying was similar to earlier trials conducted on Common Terns (Heaney et al. 
1998), Lesser Black-backed Gulls (Monaghan et al. 1995) and Great Skuas 
(Kalmbach et al. 2001). Kennedy (1991) found that, to identify an indeterminate 
laying pattern (i.e. one in which eggs can be replaced within 1-2 days, placing no 
upper limit on clutch size), eggs would have to be removed soon after they were laid; 
otherwise only the bird’s ability to lay a replacement clutch would be recognised. 
Only entire clutch removal, some time after completion, had been applied to Silver 
Gulls in earlier studies (Wooller and Dunlop 1979). The results of the 1999 trials 
showed that it was not possible to induce gulls to lay a second and third egg by 
removal of the first egg in the clutch. Indeed, after their first egg was removed, only 
26% of birds laid a second egg and none laid a third egg. Silver Gulls will therefore 
only replace whole lost clutches after a period of around 14 days, rather than 
replacing individual eggs in an indeterminate manner. As a result, in the current 
experiment, egg removal only took place after a clutch of two eggs had been 
completed. 
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Single-egg clutches were excluded from the study because it was felt that many would 
be from inexperienced or younger adults, or from those in poorer condition (Wooller 
and Dunlop 1979). Three-egg clutches were not excluded from the majority of the 
analysis because, in most cases, the third egg was laid after a clutch manipulation had 
taken place. This information was recorded as part of each pair’s laying history and 
the third egg was removed, so as not to alter incubation effort or chick rearing. If the 
third egg was excluded at any point, it is highlighted in the text. 
 
When re-laying occurred in the treatment nests, and the original pair were identified 
from their leg bands, newly laid clutches from unmanipulated nests were identified so 
that they could be used in a clutch exchange. These previously unmanipulated nests 
became the controls. This procedure ensured that all of the foster parents used were at 
a similar stage in their reproductive cycle as the donor natural parents when clutch 
exchanges were made. This controlled for any seasonal effects in clutch viability, egg 
size or parental condition.  
 
Each clutch exchange involved taking the a-egg from an experimental nest and 
swapping it with the a-egg from a control nest. Each egg was marked with its original 
nest number and the date of the swap, using black permanent marker pens, in an 
unobtrusive manner to prevent their rejection. The b-egg of every clutch was removed 
and immediately replaced with an unviable, hard-boiled Silver Gull egg of similar 
size and colour, to simulate a completed clutch of two eggs. There was no evidence 
that either the natural or foster parents recognised the boiled egg as being different 
resulting in rejection of the unviable egg. This method ensured that every pair 
experienced the same incubation costs from a modal clutch of two eggs. The addition   34
of a boiled egg also prevented interactive effects between natural and fostered 
offspring, such as sibling competition for food once the eggs hatched. However, 
raising only one chick may reduce the overall costs experienced by the parents during 
the chick-rearing phase, potentially masking any effects that would have been 
displayed if they had to raise a brood of two.  
 
2.3.5  Chick Body Measurements 
 
After hatching, chicks were weighed (to ± 0.1g) every second or third day, weather 
permitting, using a top-pan balance. This was done while the chicks would tolerate 
sitting on the scales. If they would not sit long enough to take a reading they were 
measured (to ± 5g) in a calico bag using a spring balance. The following four 
measurements were taken every 2-3 days (to ± 0.02mm) with vernier callipers, always 
on the right side of the chick: wing length, tarsus length, head-beak length and beak 
depth. Figure 2.3 illustrates these linear measurements, which were used to track 
variability in the growth of body, wing, leg, head and beak size. The methods 
described in the Australian Bird Bander’s Manual (1989) were used for the wing, 
using the Flattened Straightened Wing method, weight and head-bill length. Tarsus 
(tarsometatarsal) length was taken from the underneath of the foot to the back of the 
‘knee’, as this was found to be the easiest and most repeatable method. Beak depth 
was measured at the gonys. Measurements were continued until the chick escaped or 
disappeared from the nest enclosure, died, or was released because of damage caused 
while trying to escape from the wire fences. 
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2.3.6  Adult condition analysis  
 
Adult gulls were weighed (to ±5g) in a calico bag using a spring balance whenever 
they could be trapped. Body measurements were the same as those made for chicks 
and were again always taken on the right hand side of the bird’s body. Additional 
measurements were taken on adult birds to allow an assessment of body condition. 
These included chest circumference, keel length and pectoral muscle profile. Chest 
circumference (to ±0.5cm) was taken using a soft tape measure wrapped around the 
chest, under the wings and approximately 1cm posterior to the top of the keel. Keel 
length (to ±0.1mm) was measured using vernier callipers and the pectoral profile was 
taken using a 10cm length of 5-core soldering wire. Feathers were cleared away from 
an area 1cm from the posterior to the top of the keel, outward toward the wings. The 
wire was then gently and evenly pressed down over the pectoral muscle area to gain a 
profile that was then traced onto paper. The details of how these measurements were 
used in assessing body condition will be discussed in Chapter 3.  
 
2.1.7  Blood Sampling 
 
A blood sample to be used in molecular sex determination was taken from each chick 
on day 4 after hatching whenever possible. This was the earliest time that blood could 
easily be taken while ensuring that the chick had not escaped or died before this time. 
The sample was taken using a 26 gauge needle inserted into the ulnar vein of the left 
wing. Blood was collected with a heparinized capillary tube then stored in a lysis 
buffer containing 50mM EDTA, 50 mM Tris and 2% SDS. Each sample was stored at 
–20°C for later analysis. Care was taken to ensure that bleeding had completely 
ceased before releasing a chick back into a nest enclosure.   36
2.4  Molecular Sex Determination 
 
The sex of all offspring (unhatched embryos and chicks) was ascertained from tissue 
samples taken from Silver Gull embryos or from blood samples taken from live 
nestlings. The method used to determine sex will be discussed in detail in Chapter 5 
(section 5.2).  
 
 
2.5  Statistical Analysis 
 
With the exception of Chi-squared goodness-of-fit, contingency tables and offspring 
sex ratio analysis, the remaining analysis were completed using the SPSS 9.0 
statistical package. Chi-squared tests were performed using the Microsoft Excel 
package. Throughout the thesis, statistical significance is assigned at p<0.05, unless 
otherwise stated. Throughout the statistical analysis the exact probability of a test is 
provided, however when p≤0.05 asterisks are used to indicate the level of 
significance. One asterisk indicates p≤0.05>0.01, two asterisks indicates                
p=0.01 – 0.001 and three asterisks indicates p<0.001.  
 
Offspring sex ratio and egg fertility data was analysed using a statistical modelling 
approach with the Egret Statistical package. The data that were collected during the 
study could not be considered independent because pairs of gulls could potentially lay 
several clutches every year, each with up to three eggs, over a possible three year 
duration. Female identity was used to define the nest identity and while mate changes 
did occur, these were not factored into the analysis, due to the difficulties involved in 
including both male and female identity in the analysis. Therefore mixed models were 
used, incorporating nest identity as a random effect to account for dependence   37
associated with multiple sampling when examining offspring sex ratios and egg 
fertility during the manipulation experiment. Further details of the analysis will be 
covered in Chapter 5. 
 
The effects of the histories of natural parent and/or foster parent upon continuous 
variables, such as egg dimension, and chick measurements, were tested using 
Multivariate Analysis of Variance (MANOVA), or Multivariate Analysis of 
Covariance (MANCOVA) using the General Linear Modelling (GLM) module of 
SPSS. Univariate analysis was completed using Analysis of Variance (ANOVA) or 
Analysis of Covariance (ANCOVA) within SPSS. 
 
Where appropriate, data were tested for normality using Levene’s Test and, where 
heteroscedasticity was identified, data were log-transformed. Chick measurements 
were also log-transformed when regressed against age under the assumption that 
earlier stages of growth could be approximately described by an exponential growth 
curve.  
 
The multiple regression module was used to examine specific regressions between 
variables. Binary variables such as hatching success were analysed using the logistic 
regression module. The Cox Regression of the survivorship module was used to 
investigate factors affecting the probability of chick death.   38
CHAPTER 3 – THE IMPACT OF INCREASED EGG PRODUCTION ON 
ADULT BODY CONDITION. 
 
3.1 Introduction   
 
This chapter explores the possible changes in body condition that may occur in male 
or female adult Silver Gulls as a direct result of increased egg production demands. 
Firstly, parental condition indices will be compared with reproductive effort to 
determine if experimentally increased egg production caused a decline in adult female 
or male gulls of this species. Secondly, two alternate methods to assess adult body 
condition in Silver Gulls, from the body parameters measured while in the field, will 
be compared with each other and against previously established methods. The impact 
of any change in parental condition upon the offspring, in terms of parental ability, 
including production of offspring, sex ratios and offspring growth and survival, will 
be explored in later chapters.  
 
A fundamental principle of life-history theory is that current reproductive effort incurs 
costs that may reduce future reproductive potential (Stearns 1992). These costs may 
include a reduction in maternal or paternal physical condition or an increased risk of 
mortality. In bird species, the female parent has to invest resources in egg production, 
so it might be expected that female body reserves would consequently decline during 
egg formation. Two studies, conducted on indeterminate laying Lesser Black-backed 
Gulls, measured protein condition in gulls during egg formation, one in carcasses 
(Houston et al. 1983), the other in live birds (Bolton et al. 1993). They demonstrated 
that flight muscle index, a measure of protein condition, was significantly higher in   39
birds about to breed than among non-breeding birds. By the end of laying, the flight 
muscle index had again decreased significantly. Lipid reserves showed no significant 
difference between non-breeders and breeding birds during egg formation (Houston et 
al. 1983).  
 
In contrast, a study involving Leach’s Storm Petrel Oceanodroma leucorrhoa found 
that about two-thirds of the energy for incubation was supplied by fat deposits and the 
rest by stomach oil (Ricklefs et al., 1986), with no mention of protein reserve 
depletion. All Procellariiform birds rear a single, slow-growing chick that 
accumulates large deposits of fat during part of the nestling period. In comparison, 
nestlings of gulls and other inshore feeders do not develop fat reserves to the same 
extent. These adaptations led Lack (1968), among others, to believe that pelagically 
feeding seabirds are severely limited compared with nearshore species, in the amount 
of food they can deliver to their chicks at regular intervals, as a result of adverse 
oceanographic conditions. In addition, their food supplies are variable and 
unpredictable, necessitating the utilisation of fat reserves by chicks during fasting 
periods (Ricklefs et al. 1986). More recent research, however, has shown that 
variation in the sizes of lipid stores accumulated by chicks is associated with 
differences in the variability of parental food provisioning at the level of the 
individual chick (Hamer et al. 2000).  
 
Potential clutch size in Lesser Black-backed Gulls, measured by examination of 
developed follicles within the carcass, was positively correlated with the amount of 
reserve protein and not with fat reserves (Houston et al., 1983). This indicates that the 
extent of female protein reserves may determine the clutch size in indeterminate   40
layers, an inference supported by the findings of Bolton et al. (1993). Supplementary 
feeding led to a significant increase in flight muscle protein at the start of laying and 
an increase in clutch size in a year of apparent food shortage (Bolton et al. 1993). The 
protein condition of the female was also correlated with egg quality and fat reserves 
may supplement the female’s energy intake during the period of albumen production 
(Houston et al., 1983).  
 
Protein reserve depletion in these gulls demonstrates the great nutritional demands 
imposed by egg formation, and the importance of accumulation of body reserves prior 
to a breeding attempt (Houston et al. 1983; Bolton et al. 1993). Individual differences 
in laying dates may therefore represent individual differences in food availability or 
quality, or variation in foraging efficiency between birds, or differences in the amount 
of body reserve that individuals can spare for forming the clutch (Houston et al. 1983; 
Bolton et al. 1993). Depletion of a female’s flight muscles may reduce her flight 
performance and thereby her foraging efficiency and predator avoidance. A loss of 
condition at an early stage may affect the level of effort a breeding bird is willing to 
invest at later stages (Monaghan and Nager 1997). There is a clear trade-off between 
potential clutch size in these species and allowing resource reserves to fall to 
dangerous levels, endangering continuation of the breeding attempt. 
 
The energetic costs of egg formation, and their role in limiting clutch size to three 
eggs were investigated for the Glaucous-winged Gull L. glaucescens by employing 
supplementary feeding (Reid, 1987). Birds that were food supplemented showed no 
difference in timing of laying, their eggs were no larger or heavier, nor were they 
more likely to lay an induced fourth egg than the control nests without supplementary   41
feeding. It would appear from these results that supplementary feeding did not 
increase maternal condition and, therefore, did not affect parental ability to produce 
higher quality eggs or a larger clutch size. The results of Reid’s (1987) study are in 
contrast with other larids in which pre-laying energetics have been examined and 
found to cause an effect on egg production (Bolton et al. 1993). Reid (1987) explains 
the apparent absence of an effect stemming from supplementary feeding as due to the 
greater size of the Glaucous-winged Gull, which may serve to buffer this species from 
energetic factors. Also, food was provided for only 24 hours prior to the median 
laying date of the a-egg and this may not have been sufficient time to have an effect 
(Reid, 1987).  
 
Heaney and Monaghan (1995) conducted another brood enlargement experiment on 
Common Terns Sterna hirundo, and found that a reduced capacity by parents to 
provision their young, due to a loss in body condition, was responsible for poor 
performance in the larger broods, rather than reduced egg quality. In contrast to the 
study by Monaghan et al. (1995), the study by Heaney and Monaghan (1995) 
involved the smaller Common Terns, rather than Lesser Black-backed Gulls, and the 
terns were only made to lay three eggs, compared with inducing the gulls to lay a 
fourth egg, which is outside the normal range of three eggs. It is likely that production 
of an egg outside the normal range may have a greater impact upon egg quality for the 
gulls (Heaney and Monaghan 1995), thus explaining the contrasting results. Heaney 
and Monaghan (1996) were also able to demonstrate a relationship between fledging 
mass and laying date with late-laying poorer quality individuals less able to provision 
their chicks, most likely due to decreases in adult body condition. All of these studies   42
highlight the importance of the early phases of reproduction and the maintenance of 
body condition.  
 
The relationship between maternal condition and reproductive success was 
highlighted in another study using the Common Tern without employing a brood 
manipulation experiment (Wendeln and Becker 1999). Variations in mass, measured 
at regular intervals, were used to measure condition changes in the female. One of the 
outcomes of the Common Tern study, was that body condition was variable between 
individuals, but remained fairly stable within individuals, even during egg laying, 
incubation and chick rearing (Wendeln and Becker 1999). Maternal condition was 
linked to individual quality, and Common Tern chicks grew faster when raised by 
females in better condition (Wendeln and Becker 1999). The Common Tern study 
examined data received over five years, and was thus also able to demonstrate, that 
the age of the terns was barely able to explain the variation in reproductive ability 
between individuals, rather it was the bird’s state that influenced reproductive 
decisions (Wendeln and Becker 1999).  
 
Although declines in maternal condition have been implicated in the reduction of egg 
quality and the ability to raise offspring, there are other potential impacts from 
changes in maternal condition. As will be discussed in Chapter 5, there are a variety 
of mechanisms that can potentially result in changes in a species’ offspring sex ratio 
away from equality. Variations in maternal condition that differentially affect the 
fitness of male and female offspring, represent a situation under which selection 
would be expected to favour a bias in the offspring sex ratio. Nager et al. (1999a) 
manipulated maternal condition in the Lesser Black-backed Gull, a sexually   43
dimorphic bird in which males are 12-17% larger than females (Cramp and Simmons 
1983), to examine the effect on offspring survival and sex ratio.  
 
Females were induced to lay in an indeterminate manner by removing eggs as they 
were laid. In doing so, Nager et al. (1999a) increased egg production from a normal 
clutch of three to around 8 or 9 eggs each. A subset of these manipulated birds were 
then fed a food supplement to reduce the additional laying costs. Egg size was smaller 
for the non-supplemented group and size declined at a similar rate for male and 
female eggs. Male hatchlings were skeletally larger, but no heavier, than the female 
hatchlings. Thus, the authors (op. cit.) concluded that because males carry fewer 
reserves at hatching, their early survival would be more heavily influenced than 
female offspring. This was the case, with male survival declining significantly with 
laying sequence in the unsupplemented group, whereas female survival did not 
decline with laying sequence under the same treatment (Nager et al. 1999a). Food-
supplemented birds did not display a decline in male offspring survival. Nager et al. 
(1999a) also found that, as more eggs were produced and maternal condition declined, 
the offspring sex ratio, while initially unbiased (50 ± 10% females), became 
increasingly skewed toward females (75 ± 10% females) at the end of laying in 
unsupplemented birds. Once again, the effect of this treatment was ameliorated by 
providing food supplements, which resulted in no change from parity in the offspring 
sex ratio.  
 
Nager et al. (1999a) clearly demonstrated that, as the maternal condition of a Lesser 
Black-backed Gull declined, its ability to produce well provisioned eggs deteriorated 
and the fitness benefit of producing sons was also reduced. Females responded to this   44
by skewing the sex ratio of the offspring toward daughters, the cheaper sex. 
Supplementary feeding enhanced maternal condition, and subsequently, the ability to 
produce well provisioned eggs endured throughout the laying sequence. This removed 
any survival disadvantage in producing male offspring and resulted in the 
maintenance of an unbiased sex ratio in the supplemented birds.  
 
As mentioned previously, observed offspring sex ratio biases can be caused either by 
biased production of one sex over the other or differential mortality of the two sexes. 
It was now clear that changes in maternal condition could affect offspring sex ratios at 
the egg production stage and the early survival of male and female offspring as a 
result of poor egg quality (Nager et al. 1999a). However, there was still little evidence 
that the mortality of sons and daughters could be differentially affected by rearing 
circumstances, an important assumption of the ‘differential mortality hypothesis’ 
(Nager et al. 2000).  
 
Nager et al. (2000) took the next step by examining the fledging success of birds 
raised by poor quality mothers independent of the egg effects. Under conditions 
similar to their earlier study (Nager et al. 1999a), Lesser Black-backed Gulls were 
induced to lay four eggs, instead of the normal clutch of three, and then to raise a 
foster clutch of 3 control chicks with mixed sex ratios. Previous studies had shown 
that, when the maternal condition was reduced experimentally in this species the 
capacity for the parents to raise chicks was impaired (Monaghan et al. 1998). In this 
case, the reduction in rearing capacity only impacted the male offspring, with 
reductions in fledging weight and success, whereas females exhibited no decline in 
either parameter (Nager et al. 2000). Male offspring were also heavily influenced by   45
the brood sex ratio during the nestling period, whereas the females were not, with 
males from all-male broods being six times less likely to survive than males from all-
male control nests (Nager et al. 2000).  
 
In the case of this study (Nager et al. 2000) sex ratio bias came about because of 
differential mortality during the nestling phase as distinct from a bias in the sex ratio 
at hatching. The larger, more expensive sex may be more vulnerable to food shortages 
or parents may preferentially feed one sex over the other when they are in poor 
condition (for review see Nager et al. 2000). The mechanism causing the lower 
survival of sons from mothers in poor condition could not be clearly distinguished in 
this study.  
 
Such experiments on high latitude gull species (Nager et al. 2000) demonstrate that, 
when female condition is reduced, facultative adjustment of offspring sex ratio may 
occur. The bias is toward females which, in these gull species, is the smaller and 
presumably cheaper sex to produce. Female Great Skuas Catharcta skua are, on 
average, 10% larger than males (Kalmbach et al. 2001) presenting another example of 
reversed sexual size dimorphism. This provides an ideal situation in which to test 
whether, under adverse conditions, mothers selectively produce the smaller sex or, for 
some physiological reason are only able to produce daughters when their physical 
condition is poor.  
 
Kalmbach et al. (2001) conducted a manipulation experiment on the skuas involving 
continuous egg removal to induce much larger than normal clutch sizes. 
Supplementary feeding was then used in a subset of manipulated birds in an attempt   46
to remove the effects of continuous laying. Kalmbach et al. (2001) found that there 
was no difference between the fed and unfed groups in terms of egg size, timing of 
laying or clutch size. There was, however, a significant overproduction of the smaller, 
male offspring in the last eggs laid by the unfed group, whereas the fed group showed 
no skewed sex ratio. These results strongly support the hypothesis of facultative sex 
ratio adjustment in response to declines in maternal body condition. We now know 
that egg production is costly for female birds (Houston et al. 1983; Monaghan and 
Nager 1997) and that increased reproductive output causes reductions in maternal 
condition in some species (Nager et al. 1999a). Declines in maternal condition have 
subsequently also been shown to be responsible for the production of less viable 
offspring (Nager et al. 2000). However, in the short time span of Kalmbach’s (2001) 
study, and without any measurements of maternal body condition, it is possible that 
the birds were responding to current food availability without incurring the additional 
cost of losing body mass. This study provides an example, whereby a decline in 
maternal condition is inferred from an alteration in offspring sex ratio, without 
physically measuring such a decline.  
 
Field studies by Tasker and Mills (1981), on the Red-billed Gull, have implicated the 
quantity and quality of provisioning during courtship-feeding as a determinant of 
reproductive success, affecting both the clutch-size and egg-size. Courtship feeding 
provides a nutritional source for pre-laying and laying females (Hunt 1980) and 
females may use it to accumulate endogenous reserves of lipid and protein to act as a 
reserve for the production of eggs.  
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Body mass in birds may vary with age, sex, season, and in response to varying food 
supply, migratory patterns and breeding status (Meathrel 1991). In the past, condition 
has been equated with body mass, as a greater mass implies a better nutritional state. 
However, this does not account for skeletally larger birds that may be in poor 
condition and reduced nutritional state. Researchers have, therefore, developed 
methods that allow for a physical assessment of body condition based on chemical 
analysis of carcasses to determine actual lipid and protein content (Houston et al. 
1983). Although this did give an accurate assessment of body condition, it was 
extremely limiting, as it involved collecting and destroying specimens. Methods of 
this nature would, therefore, not be applicable for studies involving rare or 
endangered species.  
 
Thus, alternate methods of assessing body condition in live birds have been developed 
and applied to many different species in order to answer ecological questions. One of 
the most common methods involves dividing the mass of the bird by some measure of 
its skeletal size. This is used to estimate nutrient reserves and is designed to correct 
for the effect of body size upon body weight (Meathrel and Ryder 1987b). This 
method was applied by Meathrel and Ryder (1987b) to the Ring-billed gull using 
body weight divided by the sum of the keel length and beak length. The authors (op. 
cit.) were able to show that birds with a lower body condition laid fewer, lower 
quality eggs, with a sex ratio skewed toward females. This method was adapted to 
include tarsus length instead of keel length and was applied to Short-tailed 
Shearwaters Puffinus tenuirostris (Meathrel et al. 1993). In the case of this 
shearwater, neither the size nor the condition of the laying female was found to be 
related to the size of the eggs produced. In a more recent study involving the Short-  48
tailed Shearwater, an adaptation of the method used in the earlier study (Meathrel et 
al. 1993) was able to detect variation in maternal condition, which was subsequently 
correlated with breeding success (Bradley and Meathrel in press). The condition index 
was calculated by transforming each morphological measurement into standard 
deviations from the mean (z scores), and then dividing the z score mass by the sum of 
the z scores for skeletal measurements (Bradley and Meathrel in press).  
 
Calculating condition indices by dividing the mass by some measure of skeletal size, 
and similar variations, have been used to successfully measure maternal body 
condition in Herring Gulls (Meathrel et al. 1987), the Atlantic Puffin Fratercula 
arctica (Johnsen et al. 1994), Black-legged Kittiwakes (Kitaysky et al. 1999), female 
Greater Scaup Aythya marila and Lesser Scaup A. affinis (Chappell and Titman, 1983 
in Meathrel and Ryder 1987b) and petrels (Chastel et al. 1995), among many other 
species. While it cannot show specific variation in protein or fat content of the body 
over time, it does appear to give a good estimate of overall body condition.  
 
A different method employed by Bolton et al. (1991) involved the use of a pliable 
piece of wire to create a pectoral muscle profile. The pectoral muscle was found to 
contain the highest content of protein in the body that was implicated in the egg-
laying ability of Lesser Black-backed Gulls (Houston et al. 1983; Sibly et al. 1987). 
These measures could then be used, together with other measures of body size, to 
predict the protein content of a live bird, although chemical calibration is still 
required. The pectoral muscle profile method was unsuccessful when applied to small 
birds such as Zebra Finches Taeniopygia guttata because only a thin wire could be 
used which did not retain the muscle shape correctly (Selman and Houston 1996). An   49
alternate method that also looked at the profile of the pectoral muscle in the Zebra 
Finch was successfully applied involving a quick-setting alginate gel (Selman and 
Houston 1996).  
 
Wendeln and Becker (1999) used mass changes in individual Common Terns as a 
measure of condition. By setting up electronic balances within resting sites, and then 
identifying individual birds using transponders with an identification number read by 
nearby antennas, Wendlen and Becker (1999) received mass recordings throughout 
the breeding season at far more regular intervals, and with less interference, than 
studies requiring birds to be trapped and weighed. This method was not feasible 
during the current study due to the expense of such technology.  
 
More recently, Alonso-Alvarez and Velando (2002) were able to report that plasma 
cholesterol concentration gained from blood samples of live birds is a reliable 
indicator of maternal condition for the Yellow-legged Gull Larus cachinnans. This 
method was unfortunately unavailable at the start of the field component of this thesis.  
 
As the patterns of nutrient reserve depletion are expected to be species specific, a 
similar method of estimating body condition in Silver Gulls to the one used in the past 
by Meathrel (1991) was applied for the Silver Gull. During Meathrel’s study, adult 
gulls were analysed chemically for nutrient reserve levels in order to calibrate a 
suitable condition index. The condition index was calculated by: 
 
Condition Index = body mass (g) / keel length (mm) + head length (mm)   50
This Chapter specifically aims to investigate the effect of increased reproductive 
effort on adult male and female Silver Gull body condition. The hypothesis being 
tested is that there will be no decline in body condition, for males or females, with 
increased reproductive effort.   51
3.2  Methods  
 
3.2.1  Body condition analysis  
 
Every time a nest was experimentally manipulated, an attempt was made to capture 
one or both of the parents from the nest to gain a measurement of any changes in body 
condition. As mentioned in Chapter 2 (section 2.3.6) the measurements taken from the 
adult gulls included weight, skeletal size (i.e. tarsus length, head and beak length, keel 
length, wing length and gonys depth) and muscle development (chest circumference 
and pectoral muscle profile). By taking pectoral muscle profiles using a piece of 
solder wire, together with carcass dissection, Bolton (1991) proposed that a measure 
of the total pectoral area as an indicator of condition could be made. This method was 
trialled during the two field seasons and found to be unreliable when repeated more 
than once on the same live bird. In addition, no calibration with a Silver Gull carcass 
was possible, as adult birds were not culled during this experiment.  
 
Consequently the method applied by Meathrel (1991) and two variations on this 
method were trialled for the remaining analysis. The first condition index used was 
one similar to the equation used by Meathrel (1991) with the exception that head and 
bill length were used, not just head length: 
 
Condition index 1 (CIA1) = mass (g)/keel length (mm) + head and beak length (mm) 
 
The second condition index was calculated using z scores (standardised values 
achieved by subtracting the mean of the variable and then dividing by the standard 
deviation) for each of the growth variables that measure skeletal size (tarsus length,   52
keel length, head and beak length (hab) and gonys depth) and weight, within the 
following formula:  
 
Condition index 2 (CIA2) = zweight / (ztarsus + zkeel + zhab + zgonys) 
 
The third method once again involved z scores in a reduced model from CIA2: 
 
Condition Index 3 (CIA3) = zweight / (zhab + zkeel) 
 
3.2.2  Statistical methods  
 
The effect of laying history on the physical condition of the parents was examined by 
means of several univariate analyses of variance (ANOVA), using the three alternate 
condition indices as the dependent variables, year and parental laying history as fixed 
factors, with nest number as a random factor. Male and female parents were examined 
separately initially, although they were combined for later analysis. Laying history 
categories, which define the number of clutches laid by the parents, were examined 
separately where possible, but if sample sizes were too low, the categories that 
contained three or four clutches in total were combined.   53
3.3  Results 
 
An ANOVA was completed using female condition index as the dependent variable, 
the year, seasonal period (ten-day intervals) and the previous laying history of the 
parents as factors and the original nest number as a random factor. The analysis 
revealed no significant relationship between the physical condition of the female and 
the year or the seasonal period (Table 3.1). A similar ANOVA using male condition 
index as the dependent variable also showed no relationship between male condition 
and the year or the seasonal period (Table 3.2). Thus, there appeared to be no 
variation between years, or throughout the season (when divided into intervals of ten 
days), for the condition of either the adult females or the males, despite obvious 
differences in the breeding conditions during the three years of the study (discussed in 
Chapter 4).  
 
The identity of the parents, however, had a highly significant influence upon the 
condition of both the female (F = 1.690, p = 0.001) (Table 3.1) and the male parents 
(F = 1.947, p = 0.000) (Table 3.2). Individual gulls appeared to maintain their 
condition at a constant level, high or low, regardless of outside influences such as 
environmental conditions or the stress of increased reproductive output.  
 
The ANOVA also showed that there was no effect of the previous laying history on 
the condition of the adult females as measured by CIA1 (F = 1.592, p = 0.145) (Table 
3.1). The ANOVA using male condition as the dependent variable revealed that there 
was also no impact of the previous laying history of the breeding pair on the condition 
of the father (F = 1.128, p = 0.351) (Table 3.2). The ANOVAs for the female and   54
male condition indices (CIA1) were repeated using grouped laying histories to 
increase the sample sizes, but this did not change the result. The graphs of the parental 
condition indices by parental laying history indicate that a weak relationship between 
the two measures may exist (Figure 3.1). There appeared to be a slight decline in 
condition, from those females that had laid only one clutch to those that had laid two 
or three clutches, as would be expected with increased reproductive effort. 
Interestingly, the condition index for the female appeared then to increase in birds that 
have laid four or more clutches possibly indicating that only the best individuals 
respond to such a challenge. Overall, there was very little change in the female 
condition index despite the increased reproductive effort. Male condition was far 
more variable than female condition, initially rising with one replacement clutch, 
declining with two replacement clutches, but then experiencing a minor rise in 
condition with further clutches (Figure 3.1). As mentioned above, these trends were 
not significant.  
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Variable Hypothesis 
d.f. 
F-value P 
Year  2 0.986  0.271 
Seasonal 
period 
22 0818  0.698 
Clutch 
number 
7 1.592  0.145 
Original nest 
number 
250  1.690      0.001** 
Year *clutch 
number 
4 2.022  0.096 
Seasonal 
period*clutch 
number 
38 0.888  0.655 
Error d.f.  113    
 
 
Table 3.1: Results of ANOVA with female condition index as the dependent variable. 
 
 
 
 
 
 
Variable Hypothesis 
d.f. 
F-value P 
Year  2 1.776  0.174 
Seasonal 
period 
20 0.968  0.506 
Clutch 
number 
6 1.128  0.351 
Original nest 
number 
258  1.947      0.000*** 
Year *clutch 
number 
5 0.894  0.488 
Seasonal 
period*clutch 
number 
39 0.907  0.627 
Error d.f.  111    
 
 
 
Table 3.2: Results of ANOVA with male condition index as the dependent variable.   56
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Figure 3.1: The relationship between adult body condition and increasing reproductive effort 
for male and female adult Silver Gulls for 2000, 2001 and 2002 combined (p > 0.05). Bars 
represent ± one standard error.  
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The pattern of change in the condition index for the females prompted investigation 
into those individuals that had gone on to lay a total of four or more clutches. 
Specifically, did those particular individuals have a higher overall condition from the 
start of laying allowing them to continue on to lay more clutches while still 
maintaining a high level of condition? A paired t-test was performed to look at the 
difference between consecutive measures of female condition index for individual 
birds as more clutches were laid. There was no significant difference between any of 
the consecutive measures of condition up to four clutches of eggs (p > 0.05). An 
ANOVA was then performed using the condition index of the female after the first 
clutch had been laid as the dependent variable, with clutch number and year as factors 
in the analysis. Females that went on to lay a higher number of clutches did not have a 
higher condition index at the start of laying (F = 1.280, p = 0.261), nor was there any 
variation between years in the female condition index at the start of laying (F = 0.332, 
p = 0.718).  
 
The mean condition indices for both the female and male birds were plotted against 
the seasonal period to see if temporal effects could explain the changes that were 
occurring. It was not until the seasonal period was divided into intervals of thirty days 
that a pattern emerged (Figure 3.2). It would appear in this case that dividing the 
season into 10-day intervals was too small to detect the changes in condition over 
time. The peak condition for female Silver Gulls was achieved at the start of the 
breeding season, as might be expected, then again during the third and fourth thirty-
day interval. This timing corresponds with early July through to late August or the 
ninth ten-day interval through to the 14
th ten-day interval. Peak condition for the male 
gulls was not recorded at the beginning of the season as might be expected. Rather it   58
attained a peak during July/August, the same time as the females. Males maintained 
their peak condition into September, longer than the females. These seasonal periods 
occur during the Western Australian winter and represent the times of greatest rainfall 
(refer back to Figure 2.2 in Chapter 2 for mean monthly rainfall).    59
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Figure 3.2: The changes in mean female and male condition index throughout the breeding 
season for 2000, 2001 and 2002 combined. Bars represent ± one standard error.   60
Seasonal period, divided into intervals of thirty days, was tested, together with clutch 
number, against female and male condition index in an ANOVA. Original nest 
number was excluded from the test due to a loss of degrees of freedom. These results 
must be viewed with caution because of correlations between the same individuals 
and subsequent clutches. However the variable laying history meant that very few 
individuals laid a high number of repeat clutches and consequently sample sizes in the 
higher groups were insufficient to make use of a repeat measures approach in the 
analysis.  
 
Seasonal period had a significant impact upon the female condition index (p < 0.05), 
with the interaction between the number of clutches laid and the seasonal period also 
approaching significance (Table 3.3). Alone, the number of clutches laid by a female 
had no impact on her physical condition. Seasonal period had no influence upon the 
condition of male Silver Gulls (F = 1.145, p = 0.335).  
 
 
 
Variable d.f 
 
F-value P 
Seasonal period 
(30 day intervals) 
6 2.129  0.049* 
Clutch number  7 0.931  0.482 
Seasonal period 
*clutch number 
17 1.541  0.77 
Error d.f.  408    
 
 
Table 3.3: ANOVA showing the effect of seasonal period (intervals of thirty days) and 
reproductive effort on female gulls.  61
Due to the small sample sizes for parental laying history groups that had a laid a total 
of four or more clutches, these were combined for further analysis and are referred to 
as the grouped laying histories. I also compared the three methods of calculating a 
condition index. An ANOVA with condition index as the dependent variable and 
year, sex of the adult, original nest number and the numbers of clutches produced as 
factors was used to highlight any differences between the way in which males and 
females responded to laying replacement clutches. These ANOVA were undertaken, 
first using the original separated laying histories, and again with the laying histories 
grouped together.  
 
Neither CIA2 nor CIA3 showed any relationship with parental laying history 
(grouped or ungrouped), year or sex (p >0.05). There was a significant impact of the 
original nest number on the condition index only when measured by CIA3 (not for 
CIA2) for both ungrouped (F 335, 290 = 1.292, p = 0.012) and the grouped laying 
histories (F 335, 299 = 1.328, p = 0.006). These results indicate that CIA2 is not as 
sensitive as CIA3 when attempting to detect the influence of year, sex, laying history 
or original nest number on the condition of the birds. 
 
Analysis utilizing CIA1 was repeated with males and females grouped together with 
an adult sex code included as a factor in the ANOVA. The results showed a 
significant impact of the sex of the parent on condition index when using the 
ungrouped laying histories (F 1, 290 = 8.916, p=0.003), as might be expected given that 
males are both heavier and skeletally larger than the females. The remaining 
interactions between year, sex and laying history for CIA1 were not significant         
(p > 0.05). When the ANOVA was repeated for CIA1 using the grouped laying   62
histories, once again there was a significant difference between the sexes with respect 
to the condition of the parent (F = 30.676, p = 0.000) (Table 3.3).  
 
The effect of seasonal period, broken down into intervals of thirty days, upon the 
three different measures of condition index was also examined. An ANOVA was run 
using CIA1 as the dependent variable, with clutch number, the sex of the adult and the 
seasonal period as factors. Original nest number was not included in the analysis due 
to a loss in degrees of freedom. The test revealed that the seasonal period had a 
significant impact on the condition of the birds when measured by CIA1 (Table 3.4), 
confirming the trend seen in Figure 3.2. As shown in the previous analysis using 
CIA1, there was once again a significant impact of the sex of the bird and their 
condition index (Table 3.4), a relationship that is also highlighted in Figure 3.2. Once 
again, this result originates from the fact that sexual dimorphism exists in size and 
morphology rather than from differences in condition between the sexes. The three-
way interaction between clutch number, seasonal period and sex was approaching 
significance (p = 0.071), suggesting that the number of clutches that had been 
produced did affect the condition index although this varied between the sexes and 
depended on the time during the season when the condition was assessed. Those 
females that showed an increased condition index after producing four or more 
clutches in total, coincided with the peak condition index that occurred during the 
third and fourth seasonal period. The same trend appeared for the males, with an 
increase in condition from the production of three clutches to four (or more) by the 
breeding pair, also coincident with a seasonal increase in body condition. 
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Analysis was repeated for CIA2 and CIA3 revealing that the period during the season 
in which the condition of the birds was assessed had no impact on condition index as 
measured by CIA2 (F 6, 598= 0.134, p = 0.992) or CIA3 (F 6, 599= 1.006, p = 0.421). 
These results confirm that CIA2 and CIA3 are not as sensitive as compared with 
CIA1 when attempting to measure of condition in this species.  
 
 
 
 
 
 
 
Variable 
 
 
d.f. 
 
F-value 
 
P 
Clutch number  7 0.487  0.844 
Sex  1  6.093    0.014* 
Seasonal period 
(30 day interval) 
6  2.113    0.050* 
Clutch number 
*sex 
6 0.408  0.874 
Seasonal 
period*sex 
6 0.479  0.824 
Clutch 
number*seasonal 
period*sex 
31 1.411  0.071 
Error d.f.  599    
 
 
 
Table 3.4: Results of an ANOVA using CIA1 as the dependent variable, with the number of 
clutches produced, sex of the adult and seasonal period (intervals of thirty days) as factors.   64
When reproductive effort was experimentally increased by clutch removal, the female 
gulls appeared to experience only a very minor decline in their body condition as 
measured by CIA1 (mass (g)/keel length (mm) + head and beak length (mm)). 
However, this effect was ameliorated in birds that laid more than four clutches by a 
seasonal increase in body condition that occurred at roughly the same time during the 
season. Male gulls responded differently to clutch removal, with a relationship that 
was not linear. They did not reach their peak condition until later in the season and, 
like the female gulls, exhibited a seasonal decline in body condition at the very end of 
the breeding season. CIA1 thus proved to be a more sensitive and accurate method for 
detecting changes in body condition than either CIA2 or CIA3 in that it detects the 
effect of the sex (well established in other related species, Houston et al. 1983) where 
the other methods do not. However, it is important to highlight that sex differences in 
condition indices arise from sexual dimorphism in size and morphology than 
condition.   65
3.4  Discussion 
 
The female bird has to invest resources in egg production and it might be expected 
that female body reserves would decline during egg formation (Houston et al. 1983). 
Flight muscle proteins have been implicated as the source of protein for egg formation 
in several small passerine species (Jones and Ward 1976; Fogden and Fogden 1979). 
Several studies on boreal gulls have now shown a correlation between maternal 
condition and potential clutch size (Houston et al. 1983; Bolton et al. 1993), offspring 
sex ratio and differential survival of young (Nager et al. 2000).  
 
Female Silver Gulls exhibited a very stable body condition when egg production 
demands were experimentally raised. There was a very minor, but non-significant 
decline with increasing clutch number up to three clutches, followed by a small (non-
significant) increase in body condition when four or more clutches had been 
produced. Silver Gulls are a long-lived species, some surviving more than 28 years 
and commonly breeding for 5-10 years on average (Wooller and Dunlop 1979). 
Therefore, according to life-history theory (Stearns 1992), they may preserve their 
overall condition in order to survive and ensure future breeding success. By 
preserving their own physical condition it is presumed that the costs associated with 
increased reproductive effort may be passed onto their offspring. Wendeln and Becker 
(2000) demonstrated a similar trend in the Common Tern, whereby, maternal 
condition was significantly correlated between breeding attempts. The mass increase 
of females prior to laying a replacement clutch was actually greater than the mass 
increase prior to laying their first clutch (Wendeln et al. 2000).  
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Silver Gulls will not replace lost eggs indeterminately. Instead, they wait at least 13 
days before replacing the entire clutch of two eggs (Dunlop 1986; Lamont 1999). The 
extended laying period of the Silver Gull, which can last up to 8 months, affords these 
birds the luxury of not having to complete a breeding attempt in a short interval. 
Subsequently, the potentially damaging effects of re-laying with a less than ideal body 
condition, that could lead to a reduction in future fecundity or survival, can be 
avoided. A similar result was recorded in the Short-tailed Shearwater, in which there 
was no relationship between female body condition and breeding success (Meathrel et 
al. 1993). However, the shearwaters do not relay and cannot be induced to produce 
extra clutches or eggs. In a more recent study involving Short-tailed Shearwaters 
(Bradley and Meathrel in press) a correlation between maternal condition and 
breeding success was established by applying the z scores method for measuring body 
condition as discussed in section 3.1. No significant correlation between body 
condition and reproductive output was detected in the Silver Gull using either the 
standard measure of mass over skeletal size, or the z scores method. The overall result 
for the Silver Gull may be that the ‘threshold minimum body condition’ beyond 
which laying will cease is relatively high and that these gulls will simply not lay a 
replacement clutch unless their condition can be maintained.  
 
Boreal gull species such as the Lesser Black-backed Gull, breed at high latitudes and 
consequently have a very short period of climatically suitable time (about 3 months) 
within which a successful clutch can be raised. Lesser Black-backed Gulls are also 
able to lay indeterminately, meaning that they will replace lost eggs in order to 
maintain clutch size, in addition to the ability to replace whole lost clutches. It would 
be expected that the combination of these two factors would result in the cost   67
associated with extra reproductive effort within a short time translating into a short-
term reduction in maternal condition, thereby allowing a clutch of eggs to be 
successfully raised. Experimentally increasing the clutch size of the of Lesser Black-
backed Gulls resulted in a decline in their ability to adequately provision their eggs 
(Nager et al. 1999a) and a reduction in their ability to rear their chicks, due to a loss in 
female body condition (Monaghan et al. 1998).  
 
Both male and female Silver Gulls showed a rise in body condition index during the 
winter season (July – August), a time when the rate of clutch initiation is typically low 
(Dunlop 1986) and gulls would normally be raising chicks. The winter period in 
Western Australia is typically mild and wet, thus reducing water stress and allowing 
an increase in body condition. Maternal and paternal condition then declined at the 
end of the season, at the onset of hotter, drier conditions. A similar seasonal decline in 
maternal condition was found in Black-legged Kittiwakes breeding in Alaska and the 
effect was more obvious in those individuals that were breeding in a resource-poor 
colony (Kitaysky et al. 1999).  
 
Three hypotheses have been proposed in an attempt to explain seasonal declines in 
breeding success (for review see Wendeln et al. 2000). The first attributes declines to 
deteriorating foraging conditions as the breeding season progresses, under the “food 
supply hypothesis” (Mills 1979). The second proposes that young or low-quality birds 
are constrained to breed late (Hipfner et al. 1999), while the third suggests that late 
breeders are less willing to invest in their offspring, due to a decline in reproductive 
value of chicks at the end of the season (Daan et al. 1988 in, Wendeln et al. 2000). It 
seems unlikely that Silver Gulls are constrained by food availability, as they are a   68
scavenging species and local refuse sites within close proximity to Penguin Island 
provide a constant supply of food. It is possible, however, that Silver Gulls are 
constrained by fresh water availability, which would decline toward the end of the 
breeding season as summer approached. Mills (1979) and Wooller and Dunlop (1979) 
found that egg size declined in Red-billed Gulls and Silver Gulls, as the season 
progressed. This was attributed to laying by younger, less experienced birds after the 
peak laying periods. These two studies provide evidence that seasonal declines in 
maternal condition may be due to laying by younger birds in poorer condition toward 
the end of the season. It remains to be seen in Chapter 6, whether Silver Gulls invest 
less in offspring produced at the end of the breeding season.  
 
During the current study, female condition was assessed immediately after a complete 
clutch had been laid and then again each time a new clutch was produced, without any 
measure of pre-laying condition. In comparison, studies involving the Lesser Black-
backed Gull, in which flight muscle protein has been correlated with clutch size, 
involved the assessment of adult condition either at the start of laying (one egg in the 
nest) or at the end of laying (2 days after the last egg was laid) (Bolton et al. 1993). 
The absence of a pre-laying condition index in the Silver Gull may partially explain 
why the difference in maternal condition appeared to be so minor between birds that 
had one clutch to those that had three or more clutches, when compared to the change 
in pectoral muscle protein condition for the Lesser Black-backed Gulls. The condition 
index in the Silver Gull was always taken after the clutch had been produced, which is 
when the condition would be at it lowest point according to the pattern seen in the 
boreal species (Bolton et al. 1993). Alternatively, the method used to measure 
pectoral muscle protein index in Lesser Black-backed Gulls may have been more   69
accurate, as it involved assessment of the actual size of the muscle itself, as opposed 
to a general measure of weight corrected for the size of the bird. It seems unlikely, 
however, that the method used to assess changes in condition due to increased 
reproductive effort was inaccurate, because it was able to detect changes in condition 
due to seasonal variation. Further experimentation, specifically targeting the pectoral 
muscle, would be required to rule out the possibility that Silver Gulls experience a 
decline in pectoral muscle protein, similar to boreal gull species, due to increased egg 
production. It is more likely that Silver Gulls naturally exhibit little variation in body 
condition, not allowing themselves to get close to critical condition thresholds, which 
could affect their future body condition, longevity and future reproductive success. 
Maintenance of maternal condition, even when producing replacement clutches, has 
also been observed in Common Terns (Wendeln et al. 2000). The terns examined in 
Wendeln and Becker’s (2000) study also replaced lost clutches after an interval, and 
any birds with protracted laying were excluded from the study. Only “high-quality” 
Silver Gulls, and Common Terns (Wendeln et al. 2000), produced replacement 
clutches. 
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CHAPTER 4 _ THE IMPACT OF EGG PRODUCTION COSTS ON EGG 
LAYING 
 
4.1 Introduction 
 
In the previous chapter it was demonstrated that there is no significant impact on the 
condition of adult female or male silver gulls from increased egg production. The 
female gulls appear to maintain their condition at a high level, in keeping with the 
pattern associated with long-lived species, which elect to pass reproductive costs onto 
their offspring in order to maintain their own long-term survival and future fecundity. 
Maternal condition did, however, decline toward the end of the breeding season. 
 
If increasing reproductive effort does stress this species of gull, and the costs of that 
increase is not born by the parents, it is possible that a decline in reproductive ability 
at the egg production stage may be detected. In this chapter, the impact of increased 
reproductive effort on egg laying will be examined. More specifically, the impact of 
parental laying history on re-laying ability, and replacement clutch and egg sizes, will 
be examined. In addition, the general characteristics of the egg-laying period, with 
respect to any seasonal effect upon egg size and replacement clutches, will also be 
considered. The pattern of laying in Silver Gulls was investigated during the 1999 
breeding season, prior to the commencement of this thesis, to determine how this 
species might respond to individual egg removal.  
 
Species can be divided into three categories based on laying patterns which reflect the 
bird’s ability to regulate clutch size: determinate, indeterminate and semi-determinate.   71
Many species of gulls and terns have been classified as ‘indeterminate’ layers 
(Kennedy 1991; Haywood 1993). While the definition of indeterminate differs 
between authors and species, it is generally accepted that these birds are able to 
respond to removal or addition of eggs during the laying period by laying extra eggs, 
or curtailing laying to maintain their optimal clutch size (Kennedy 1991). Another 
definition, based on physiological considerations, describes indeterminate layers as 
species in which the number of rapidly growing follicles is greater than the clutch size 
normally laid (Paludan in Haywood 1993). However, while these species have the 
potential to be indeterminate layers, not all exhibit indeterminacy. Species in which 
the number of eggs laid in a clutch is determined at the onset of laying and cannot be 
changed by removal or addition of eggs, are known as determinate layers (Kennedy 
1991; Haywood 1993). Semi-determinate layers are described as species in which the 
onset of incubation affects the number of follicles ovulated and therefore the number 
of eggs laid, and to date has only been identified in penguins (Haywood 1993). 
 
Despite these well defined-categories of laying, there are many cases in which a 
particular species is claimed by one author to be an indeterminate layer and by 
another author to be a determinate layer (for reviews see Kennedy 1991; Haywood 
1993). Much of the confusion appears to arise from inaccurate interpretation of egg 
robbing experiments. According to Parsons (Parsons 1976), truly protracted laying 
requires that the interval between successive eggs should be the same as that between 
eggs in a normal clutch. Laying patterns which represent gaps of several days may 
represent ovulation of replacement clutches rather than indeterminate laying 
(Kennedy 1991). There are also cases where the timing of removal or addition of eggs 
may be too late to effectively show indeterminacy (Kennedy 1991). Studies in which   72
all egg removal occurred several days after clutch completion, test a bird’s ability to 
lay a replacement clutch rather than indeterminacy (Kennedy 1991). Rather than 
fitting into one or the other definite laying category, most birds appear to fit 
somewhere along a continuum between determinate and indeterminate, so a more 
useful laying classification may result from examination of the actual physiological 
processes that cause cessation of, or extended laying. 
 
Many boreal gulls are able to lay additional eggs within a single breeding attempt that 
maintain optimal clutch size under conditions of egg loss. In contrast, it has been 
recognised that, in Australian passerines for example, adjustment of annual 
reproductive effort is achieved by variation in the length of the breeding season and 
the number of nesting attempts, rather than variation in clutch size (Rowley and 
Russell 1991). This aspect of their life-history strategy may also apply, in part, to the 
Silver Gull, considering its characteristic double-, or triple-brooding within an 
extended breeding season, and its determinate laying pattern identified by Wooller 
and Dunlop (1979).  
 
Indeterminate layers, such as the Lesser-black Backed Gull (Houston et al. 1983), 
replace lost eggs within two days. However, if eggs are lost later during laying or 
incubation, replacement eggs can only be laid after a 12-day interval, this time being 
the period required to complete the growth of previously unenlarged ova (Houston et 
al. 1983). Similar results have been attained for the Black-headed Gull (Weidmann in 
Houston et al. 1983), Herring Gull (Parsons 1976), Ring-billed Gull (Brown and 
Morris 1996) and Common Tern (Wendeln et al. 2000). These birds, therefore, have 
two methods for replacing lost eggs. Firstly, a greater number of ova undergo   73
enlargement in the period prior to laying than will be laid as the final clutch, but they 
will not all mature unless eggs are lost early in the laying period. If no eggs are lost, 
the surplus developing ova are resorbed. Secondly, a series of ova which have not 
begun enlargement in the ovary may be stimulated into growth by the loss of eggs or 
chicks later in the breeding attempt (Houston et al. 1983). An entirely new clutch is 
formed from these ova after about nine or ten days of growth, with a further two days 
required for the development of albumen and shell (Paludan in Houston et al. 1983). 
Silver Gulls will only replace lost whole clutches after a period of about 14 days and 
will not replace single lost eggs to maintain original clutch size. Consequently, only 
the second form of replacement laying will be discussed further in this thesis. 
 
Birds often replace eggs that are lost during laying, and will lay replacement clutches 
if they lose the entire clutch after completion (Monaghan and Nager 1997). These 
traits led Lack (1947) to believe that egg production was not costly and that many 
birds could lay a larger clutch than they actually do. More recent studies have 
employed clutch manipulation to demonstrate the importance of the egg production 
phase (Heaney and Monaghan 1995; Monaghan et al. 1995; Kalmbach et al. 2001). 
By removing eggs from the nest, birds can be induced to lay replacement clutches, 
effectively increasing their reproductive output beyond their usual clutch size. The 
various ways in which different species of birds partition the costs at the egg 
production stage associated with an increase in reproductive effort will now be 
discussed. 
 
Egg composition in additional eggs laid by the Common Tern, was examined by 
Heaney et al. (1998). Their study aimed to detect if an increase in egg production   74
influenced the contents of additional eggs, in an attempt to explain why this species 
doesn’t lay a larger clutch. The main difference between the additional eggs and 
control eggs was in the shell component, with unmanipulated control eggs having 
thicker shells and a heavier shell mass relative to egg size than in the experimentally 
induced eggs (Heaney et al. 1998). There is evidence that many insectivorous and 
granivorous birds have difficulty in obtaining sufficient calcium for shell formation, 
taking snail shells, calcareous grit or bones during egg laying to meet the increased 
demands. While piscivorous birds, such as terns, have been assumed to have little or 
no difficulty in obtaining the necessary calcium, this may not be the case (Heaney et 
al. 1998). Calculations of the calcium intake in comparison with the requirements for 
shell formation for a two- or three-egg clutch, in addition to body maintenance, 
suggest that female terns may well experience a short-term calcium deficit during egg 
laying (Nisbet in Heaney et al. 1998). Field observations of female birds seeking extra 
dietary sources of calcium during the egg laying period, such as molluscs and crab 
shell fragments, supports the theory that as the laying sequence progresses, calcium 
resources may be limiting (Heaney et al. 1998). 
 
Variation in both the total amount of resources allocated to a clutch of eggs, and the 
distribution of those resources within a clutch, can have a profound influence on both 
maternal and offspring fitness (Bernado in Royle et al. 1999). The yolk, as the major 
source of energy and nutrients utilised by the developing embryo, represents the 
largest energy investment in an egg by the laying female (Astheimer in Royle et al. 
1999). The primary constituents of egg yolk, apart from water are lipids present as 
lipoprotein complexes (Noble in Royle et al. 1999). Yolk proteins are involved in the 
transport of vitamins, ions and carbohydrates (in addition to lipids) from the mother to   75
the egg during the period of rapid development of the yolk, where they are stored 
before use by the developing embryo (Carey in Royle et al. 1999).  
 
Almost nothing is known about how ecological and nutritional constraints have 
shaped the coevolution of embryonic nutritional requirements, the ability of the laying 
female to provision the egg, and the fitness consequences thereof (Royle et al. 1999). 
If food reserves are limited, clutch size and the quality of eggs, measured in terms of 
their size and composition, should be depressed. When the availability of 
environmental resources is stochastic, parents may derive fitness benefits from the 
unequal investment in the offspring, if this enhances the efficiency of brood reduction 
(Forbes in Royle et al. 1999). In species that exhibit brood reduction frequently, such 
as gulls, we may therefore expect parents to maximise investment in the offspring 
with the highest reproductive value if the supply of essential nutrients is limiting 
(Royle et al. 1999). This forms another example of bet-hedging, whereby the parents 
maintain a clutch size of three so that in ‘good’ years three chicks can be raised 
successfully, but in ‘bad’ years unequal investment in the eggs ensures low-cost brood 
reduction. 
 
In Lesser Black-backed Gulls, and in other larid species, the third (or c-) eggs in the 
laying sequence were smaller and contained fewer nutrients than a- and b-eggs 
(Meathrel and Ryder 1987a; Reid 1987; Meathrel 1991; Royle et al. 1999). C-eggs 
had significantly lower absolute yolk lipid content than both a- and b-eggs over two 
years, despite annual variation in the amount of mean yolk lipid, suggesting that 
parents may indeed bias investment of resources towards eggs with higher 
reproductive value (Royle et al. 1999).   76
 
Brood size reductions that favour individual offspring in a brood would be 
advantageous if the probable future availability of critical resource becomes limiting. 
In the Lesser Black-backed Gull, reproductive value of the offspring is related to the 
hatching order because most mortality is concentrated on the last-hatched chick, with 
c-eggs failing to hatch significantly more often than either a- or b-eggs (Royle et al. 
1999). This study clearly demonstrates the energetic costs associated with egg 
production, and supports the idea that such costs should be translated into costs 
associated with offspring, rather than the parent, to ensure future survival.  
 
In another study involving the Lesser Black-backed Gull, Nager et al. (1999a) 
employed egg removal to manipulate the birds into laying additional eggs beyond 
their normal clutch size. Nager et al. (1999a) found that eggs laid late in the laying 
sequence were smaller and more poorly provisioned leading to a decline in post-
hatching survival. This effect however was reduced, by providing supplementary 
feeding to a subset of birds that had been induced to lay more eggs. Fed birds were 
better able to maintain the egg size throughout the laying sequence due to the 
maintenance of maternal condition from the supplementary feeding (Nager et al. 
1999a). 
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This chapter examines the effect that increased reproductive effort has on egg 
production in the Silver Gull on Penguin Island. The following null hypotheses were 
tested to determine how this species is affected at the egg production level. 
 
1.  Patterns of laying do not vary between years or with changing 
environmental conditions within a single breeding season. 
2.  Egg sizes do not decline throughout the breeding season. 
3.  Silver Gulls do not lay replacement eggs immediately after clutch removal.  
4.  Replacement eggs are no smaller or fewer in number than the original 
clutch, and the number of clutches previously produced by the parents has 
no effect on egg size. 
5.  Laying intervals do not increase with the number of clutches produced and 
as the season progresses. 
6.  The probability of a replacement clutch being produced will not decline 
with increasing clutch number and as the season progresses.   78
4.2 Methods 
 
Numbered Silver Gull nests on Penguin Island were checked every day when 
possible, from the initiation of laying to the end of the laying period. The number of 
eggs measured per day can be viewed as a close representation of the number of eggs 
laid per day by Silver Gulls at the study site within this period. This is because 
thorough daily searches allowed identification and measurement of almost all eggs 
within the study site, within 24 hours of being laid.  
 
To test for a possible seasonal effect on egg size and weight, the laying period was 
sub-divided into 10-day periods for the purpose of the analysis. The first seasonal 
period begins on the 01 April, with consecutive periods for the remainder of the 
breeding season. Two- and three-egg clutches were pooled for analysis of relative egg 
size in first-laid clutches. This was because of the inability to distinguish two-egg 
clutches from potential three-egg clutches in which clutch size may have been 
truncated after clutch removal took place.  
 
The overall laying patterns in Silver Gulls had been determined prior to the onset of 
this study. In order to identify either determinate or indeterminate laying, eggs were 
removed to induce re-laying during the 1999 Silver Gull breeding season (Lamont 
1999). In all, 187 first laid clutches were removed, by one of three egg removal 
methods during the study period. The first method involved egg removal immediately 
after the first egg was laid, the second method removed only the second egg laid while 
the third method removed completed clutches of eggs immediately after the cessation   79
of laying. None of these methods were able to induce indeterminate egg laying in this 
species.  
 
The time taken for Silver Gulls to lay a replacement clutch after complete first 
clutches had been removed was examined using two alternative methods during the 
1999 study (Lamont 1999). The first method measured the time between initiation of 
the first and replacement clutches using the exact laying dates (± 24h) recorded for the 
a-eggs in both clutches. Using this method, all cases where the exact laying date of 
the egg was unknown were excluded from analysis. This involved a large number of 
cases and hence reduced the overall sample size.  
 
The second method also measured the interval between initiation of first and second 
clutches. It was based on the date of measurement, rather than the exact laying date of 
the a-eggs in the initial and replacement clutches. Although, in most cases, the 
measurement date and the laying date were the same, in cases where it was not, and 
the exact laying date was unknown, date of measurement was used as an 
approximation of the laying date of the egg. A broader range of cases was included 
using this second laying interval. However, inaccuracies were present when a 
difference did exist between laying date and the date when the egg was measured. 
Comparisons between the two methods revealed very little difference between them 
with both methods producing the same modal inter-clutch interval (Lamont 1999). 
The second method for determining laying interval was, therefore, adopted for the 
current study. 
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In an attempt to determine how the reproductive success of Silver Gulls would be 
affected by increased egg production costs, several aspects of egg-laying were 
examined. Firstly, re-laying intervals were assessed in relation to the previous laying 
history of the parents. The potential influence of other factors, such as the size of the 
initial clutch and eggs, upon the re-laying interval was also examined. Initial and 
replacement clutch and egg parameters were compared in order to identify any 
reductions in clutch size or re-laying probability that may have occurred as a result of 
increased egg production costs. Throughout these investigations, changes over time in 
re-laying intervals, clutch and egg parameters and re-laying probabilities were all 
measured. Seasonal effects, represented by time periods, were included as factors in 
the analysis, as was the identity of the parents.  
 
 
4.3 Results 
 
4.3.1  Patterns of laying 
 
The laying patterns of Silver Gulls differed between the three years of the study in the 
onset of laying. In 2000, laying began with large numbers of eggs, during the first 
week of April (1
st ten-day period) and continued until the end of May, representing 
the first peak in laying for the 2000 breeding season, similar to that described earlier 
by Wooller and Dunlop (1979). The main peak in numbers of eggs laid per day 
occurred during 11 – 21
 April (2nd ten-day period), after which time the number of 
new clutches initiated per day declined (Figure 4.1 a). The second laying peak for this 
year was very minor in comparison to the first peak, and could not be easily 
distinguished from it, occurring during 10 – 19 June (8
th ten-day period). The final   81
laying peak of the year was more pronounced than the second peak and occurred 
during the 30 August –08 September (15
th ten-day period). 
 
In 2001 laying did not begin until the 5
th ten-day period (11 – 20 May), which was 
also the period that contained the greatest number of newly initiated clutches (Figure 
4.1 b). Clutch initiation was about a month later than the previous year and the 
number of clutches laid at this time exceeded that produced in 2000 at the start of 
laying. The first peak was therefore more highly synchronized with birds initiating 
breeding over a shorter number of days. The next peak in laying occurred at the same 
time as the previous year during the 10 – 19 June (8
th interval) although it appeared to 
be more pronounced than the second peak of 2000. The third peak for 2001 was far 
less synchronized than the previous peaks and occurred between 20 – 29 August (14
th 
interval).  
 
The final year of the study, 2002, saw egg laying begin during the 4
th period, with the 
peak laying time occurring between the 11 – 20 May (5
th period) (Figure 4.1 c). This 
places initiation of the 2002 season slightly before the 2001 season. The second laying 
peak appears to have begun during 11 – 20 July (10
th ten-day period), which was later 
than both the 2000 and 2001 seasons. In keeping with the previous years, the final 
laying peak for 2002 was less synchronized than the previous two, and began during 
the 15
th period (30 August – 08 September).  
 
In all three years of the study there was a pronounced trough in laying that occurred 
around late July and August (12
th and 13
th ten-day intervals) (Figure 4.1 a-c). This 
period coincides with the period of greatest rainfall at the study site as was established 
in Chapter 2 (Section 2.2.1, Figure 2.2).   82
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Figure 4.1: Frequency histograms showing the number of newly initiated clutches throughout 
the breeding season for 2000 (a, top), 2001 (b, centre) and 2002 (c, bottom) divided into ten-
day periods beginning on 01 April. The black arrows identify the breeding peaks as defined 
by Wooller and Dunlop (1979).
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4.3.2  Egg and clutch sizes 
 
4.3.2.1 Seasonal effects on egg sizes  
 
To assess the size relationships between eggs from two and three egg clutches, two-
tailed Pearson’s correlation coefficients were generated for eggs from nests where 
robbing had occurred throughout the laying peak. There was a highly significant 
correlation between a and b egg weight (r = 0.740, p = 0.00), b and c-egg weight       
(r = 0.826, p = 0.00), and a and c-egg weight (r = 0.725, p = 0.000). Egg volume was 
also highly correlated between the a- and b-eggs (r = 0.684, p = 0.000) (Figure 4.2). 
The volumes of b- and c-eggs (r = 0.738, p = 0.000) and a- and c-eggs (r = 0.755, p = 
0.000), were also highly correlated. These results indicate that birds that lay large first 
eggs also lay large second eggs and third eggs within the same clutch.   84
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Figure 4.2: The relationship between the volumes of a-eggs and b-eggs from first, second, 
third and fourth clutches laid by the same birds on Penguin Island during the first two laying 
peaks for 2000, 2001 and 2002 combined.   85
A MANOVA was performed separately for both the a-egg and the b-egg, using 
weight, breadth, length and volume as dependent variables, revealing a highly 
significant effect of seasonal period (divided into intervals of ten days) on egg size in 
both cases (Wilk’s F189, 6687 1.731, p = 0.000 a-egg, Wilk’s F189, 6552 1.87, p = 0.000   
b-egg). Having achieved multivariate significance, each egg size parameter for both 
the a- and b-egg was examined separately with univariate tests, to determine which 
individual parameters were affected by the seasonal period. A-egg weight changed 
significantly with seasonal period (F = 5.32, p = 0.000) (Figure 4.3), with this change 
attributable to a significant change in both a-egg breadth (F = 2.071, p = 0.003) and  
a-egg length (F = 3.471, p = 0.000).  
 
There was an overall decline in a-egg weight as the season progressed. Season was 
divided into intervals of twenty days, at this point, for presentation purposes. When all 
three years were combined, there was a gradual decline in a-egg weight during the 
season, except during May (3rd twenty-day interval), which coincided with the start 
of laying for years 2001 and 2002 (Figure 4.3). There was also a rise in a-egg size in 
late September, early October (9
th-10
th twenty-day intervals), which coincides roughly 
with the final laying peak for each year of the study (refer back to Figure 4.1). This 
rise in egg size is offset by about one month from the rise in maternal and paternal 
condition that occurred in July and August (refer back to Figure 3.2, section 3.3). 
 
Weight change in the b-egg also varied with seasonal twenty-day period (F = 3.527,   
p = 0.000) (Figure 4.3), with the change attributable to variation in the length of the  
b-eggs (F = 1.973, p = 0.006) but not their breadth (F = 1.434, n.s.). Once again, there 
was a steady decline in b-egg weight as the season progressed, although not during   86
the fourth twenty-day period, again coincident with the late start of breeding in 2001 
and 2002 (Figure 4.3). Overall, both the mean clutch mass (F = 4.569, p =0.000), and 
the mean clutch volume (F = 2.366, p = 0.001), varied with seasonal period, whereas 
the number of eggs in each clutch did not vary (F = 0.503, n.s.). As would be 
expected with a decline in both a- and b-egg size and weight, the overall mean clutch 
mass exhibited a decline toward the end of the breeding season, but the size of the 
clutch (number of eggs laid), was unaffected (Figure 4.4). 
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Figure 4.3: Variations in mean Silver Gull a-egg and b-egg weight during the first two laying 
peaks of the breeding season for the years 2000, 2001 and 2002 combined. Each period 
represents one twenty-day block beginning on 01 April. Bars represent ± 1 S.E. 
   88
 
 
 
 
 
9 17 27 43 61 15 29 40 23 33 42 8 10 8 15 16 24 26 34 11 N =
Seasonal period (intervals of ten days)
9 8 7 6 5 4 3 2 1
M
e
a
n
 
c
l
u
t
c
h
 
m
a
s
s
 
(
g
)
44
42
40
38
36
34
Year 
2000
2001
2002
 
 
 
 
Figure 4.4: Seasonal decline in mean clutch mass as the season progressed for years 2000, 
2001 and 2002. Each seasonal period represents ten days beginning on 01 April. The bars 
represent ± 1 S.E.   89
4.3.2.2 Effect of laying history on egg and clutch sizes 
 
With a reduction in egg size as the season progressed, the next stage of investigation 
was to examine the effect that the laying history of the parents had on egg and clutch 
sizes. A MANOVA was performed separately for both the a-egg and the b-egg with 
year, original nest number and previous laying history as fixed factors, to test for the 
effect of laying history on egg and clutch sizes. The analysis on the a-egg revealed a 
highly significant effect of original nest number (Wilk’s F1750, 2 1.747, p = 0.000) and 
previous laying history on a-egg size (Wilk’s F35, 1668.2, 2.90, p = 0.000). The 
relationship with the nest number suggests that individual birds have a tendency to lay 
the same size eggs each time that they produce a clutch. Although there was a 
significant relationship between the identity of the parents and the size of the a-egg 
produced, this relationship was not investigated further with interaction terms, as 
inclusion of the nest number in the analysis reduced the degrees of freedom and 
inclusion of nest number interactions thus meant that factors could not be included. 
Original nest number was, however, included as a random factor in the analysis. The 
year in which the a-egg was produced did not have a significant effect on the egg size 
(Wilk’s F10, 792 1.7, 1.668, p = 0.084 n.s.), although it appeared to be approaching 
significance. Finally, there was no interaction between year and previous laying 
history of the parents with respect to the size of the a-egg (Wilk’s F 40, 1728.9, 1.137 
n.s.). That is, the way in which the laying history of the parents affected egg size did 
not vary between years.  
 
While there was a highly significant effect of the previous laying history of the 
parents on the size of the a-egg, the same did not hold true for the b-egg. Multivariate   90
analysis of variance shows that the relationship between the b-egg and the laying 
history only bordered on significance (Wilk’s F35, 1600.9, 1.418, p = 0.054 n.s.). Once 
again, the identity of the parents had a highly significant impact on the size of the b-
egg (Wilk’s F1755, 1905.8, 1.532, p = 0.000), although for the reasons listed it was not 
included in any further analysis. Year alone had no impact on b-egg size (Wilk’s     
F10, 760, 0.735, n.s.), although there was a significant interaction between year and 
laying history (Wilk’s F40, 1659.2 1.411, p = 0.047), indicating that for the b-egg the 
influence of the laying history did vary between years, whereas for the a-egg it did 
not. 
 
Following this multivariate significance for nest number and previous laying history, 
each egg size parameter for the a-egg was then examined with univariate tests to 
determine which individual egg size parameters were affected by the laying history. 
There was a highly significant relationship between the size of the a-egg, measured by 
weight, breadth, length and volume, and the number of clutches laid by the parents 
(Table 4.1). The nest from which the a-egg originated also significantly influenced all 
of the egg size parameters (Table 4.1), although interactions with nest number could 
not be included in any further analysis. Although the year had no effect on a-egg size 
at the multivariate level, as mentioned above, it approached significance and 
univariate tests showed a significant impact of year upon the breadth of the a-egg (F = 
4.151, p = 0.016).   91
 
 
 
 
 
  
Hypothesis d.f. 
 
 
F-value 
 
P 
 
Original nest 
number 
 
   
a-weight  350  2.967        0.000*** 
a-breadth  350  3.723        0.000*** 
a-length  350  3.206        0.000*** 
a-volume  350  4.025        0.000*** 
 
Laying history 
 
   
a-weight  7  6.34        0.000*** 
a-breadth  7  2.933      0.005** 
a-length  7  8.551        0.000*** 
a-volume  7  6.151        0.000*** 
Error d.f.  400    
 
 
Table 4.1: Results of ANOVA showing the relationship between the original nest number 
and the laying history of the parents on the a-egg.  
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The weight of the a-egg appeared to decline steadily with increasing clutch number in 
2000, as might be expected with an increase in egg production (Figure 4.5 a). This 
trend was less marked in 2001, while in 2002 there appeared to be an increase in       
a-egg weight as the number of clutches produced by the parents increased (Figure 4.5 
a). The changes in egg weight seen in all three years were matched by similar changes 
in egg volume (Figure 4.5 b), suggesting that there were not only changes to the 
provisioning of the egg, as far as the weight of the contents (i.e. density), but also to 
its overall size.  
 
The breadth of the a-egg exhibited a similar trend to its weight, with a steady decline 
in 2000, a less marked decline in 2001, and an increase in 2002 (Figure 4.5 c). The 
length of the a-egg also declined with increasing clutch number in 2000, although in 
2001 and 2002 the trend was far less marked; there was no increase in a-egg length in 
2002, as there was for both breadth and weight (Figure 4.5 c). These trends suggest 
that the changes in a-egg weight in 2002 were primarily due to an increase in the 
breadth of the egg, rather than changes in its length. Declines in a-egg weight, overall, 
appeared to result from declines in both breadth and length during 2000 and 2001. It 
is possible that different environmental effects are operating upon the eggs in each 
year, causing such variable results. 
   93
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Figure 4.5: Variations in a-egg size variables from birds with different laying histories during 
three years. Laying history values represent the number of clutches laid in addition to the 
original clutch. The variables include weight (a, top left), volume (b, top right), breadth (c, 
bottom left) and length (d, bottom right).
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At the univariate level, the original nest number had a highly significant relationship 
with all of the b-egg size variables (Table 4.2). As the relationship between laying 
history and b-egg size was bordering multivariate significance, the univariate 
significance was investigated further. The number of clutches laid by the parents 
affected b-egg weight and length, but had no effect on the breadth or overall volume 
of the egg (Table 4.2). There was a significant difference between years in the way 
that the b-egg responded in terms of weight to differences in parental laying history, 
but no difference in any other size variable (Table 4.2). 
 
Figure 4.6 demonstrates the relationship between cumulative laying output and b-egg 
weight for the three years of the study. Although in 2000 there appeared to be a 
decline in egg weight with an increasing number of clutches being laid, in 2001 the 
size of the b-egg appeared to remain fairly constant throughout. In 2002 there was a 
slight increase in egg weight as the number of clutches laid accumulated, similar to 
the trend seen in the a-egg weight. 
 
In the previous section (4.3.2.1), we saw a steady decline in both a- and b-egg size 
with seasonal period, regardless of the year. With the laying history, however, egg 
size responded differently depending on the year in which the eggs were produced. It 
would appear that whatever environmental variables are causing seasonal declines, 
are not the same factors that act on the parents to result in changes in egg size with 
increased reproductive effort. In addition, these variables are causing different effects 
according to the year in which laying occurs.   95
 
 
 
 
  
d.f. 
 
 
F-value 
 
P 
Original Nest 
Number 
   
b-weight  351  18.534        0.000*** 
b-breadth  351    2.037        0.000*** 
b-length  351    7.827        0.000*** 
b-volume  351  16.032        0.000*** 
Laying history 
 
   
b-weight  7    2.412    0.020* 
b-breadth  7    0.940  0.475 
b-length  7    3.143      0.003** 
b-volume  7    1.860  0.075 
Year * laying 
history 
   
b-weight  8    1.977    0.048* 
b-breadth  8    1.565  0.134 
b-length  8    1.024  0.417 
b-volume  8    1.407  0.192 
Error d.f.  384    
 
 
Table 4.2: ANOVA showing the effect of original nest number, the laying history of the 
parents and the interaction between year and laying history on the size of the b-egg and clutch 
size.    96
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Figure 4.6: Changes in b-egg weight with increased reproductive output over the years 2000, 
2001, and 2002. The bars represent ± 1 S.E. 
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4.3.2.3 Egg size and maternal condition 
 
It was established in Chapter 3 (Section 3.3), that there was a significant relationship 
between the seasonal period and the maternal condition, with condition declining, as 
the season progressed. It was also established in section 4.3.2.1, that egg size declined 
throughout the season. However, maternal condition index was not included as a 
factor in the earlier analysis, involving egg size and season, due to a loss of degrees of 
freedom. This section will, therefore, investigate the relationship between maternal 
condition and egg size.  
 
A MANCOVA was performed using a-egg weight, volume, breadth, length, mean 
clutch mass and mean clutch volume as the dependent variables, with original nest 
number, year and seasonal period as factors in the analysis, and with female condition 
index as a covariate. The test revealed a significant relationship with female condition 
index (Wilk’s F6,129 3.081, p = 0.007). The analysis was repeated using b-egg 
variables, and once again, a significant relationship with female condition index was 
revealed (Wilk’s F6,120 2.313, p = 0.038).  
 
Further univariate analysis revealed significant relationships between female 
condition index and the a-egg volume (p < 0.05), and its length (p < 0.05) (Table 4.3). 
The relationship between the female condition index and the mean clutch volume was 
highly significant (p = 0.001) (Table 4.3). Figure 4.7 demonstrates a positive 
relationship between maternal condition and a-egg volume, whereby, females with a 
greater condition tend to lay larger eggs. When examining the b-egg, once again, the 
relationship between female condition index and egg volume was significant             
(p < 0.05), but the variation was evident in its breadth (p = 0.007), rather than the 
length (Table 4.3).  98
 
 
 
 
Dependent Variable 
 
d.f. 
 
F 
 
P 
a-egg length  1   3.943    0.049* 
a-egg breadth  1   3.692  0.057 
a-egg weight  1   1.953  0.165 
a-egg volume  1   5.528    0.020* 
Mean mass  1   3.519  0.063 
Mean volume  1  11.492      0.001** 
Error d.f.  134    
      
b-egg length  1   2.017  0.158 
b-egg breadth  1   7.551     0.007** 
b-egg weight  1   2.556  0.112 
b-egg volume  1   6.842    0.010* 
Mean mass  1   2.888  0.092 
Mean volume  1   8.356     0.005** 
Error d.f.  125    
  
 
Table 4.3: Two separate ANCOVA showing the effect of female condition index on a- and b-
egg size variables.    99
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Figure 4.7: The relationship between a-egg volume and maternal condition index.   100
4.3.3  Relaying interval 
 
The previous section (4.3.2) showed that both the period within the season, and the 
reproductive effort of the parents, caused changes in the mean clutch mass but not the 
clutch size (number of eggs). There was also a significant positive relationship 
between maternal condition and egg size. This section will examine the effect of 
season and laying history on the relaying interval. 
 
The modal number of birds re-laid within an interval of about 15 days in 2000 (Figure 
4.8 a). In 2001 and 2002, however, the modal number of birds re-laid after an interval 
of about 20 days (Figures 4.8 b & c). Laying began earlier in 2000, perhaps indicating 
that conditions were more favourable in that year than in 2001 and 2002. In all three 
years, a limited number of individuals took much longer to lay replacement clutches 
than most. The long right-hand tails of the laying interval distributions are indicative 
of these late re-laying individuals. The minimum amount of time required by Silver 
Gulls to lay a replacement clutch appears to 13 days. Figure 4.8 also indicates a trend 
toward fewer individuals achieving a replacement clutch in a short space of time after 
clutch loss in years 2001 and 2002, years in which laying started later (see Section 
4.3.1). This apparent difference between years in relaying intervals, however, was not 
significant (F = 1.133, p = 0.324 n.s.).   
 
   101
 
 
 
 
 
 
 
 
Figure 4.8: Frequency histograms showing laying intervals between successive 
clutches varying from 13 to 100 days and the number of clutches that were replaced 
after clutch removal within those intervals. Separate graphs are presented for each 
year of the study including; 
 
a)  Year 2000 (top) 
b)  Year 2001 (middle) 
c)  Year 2002 (bottom)   102
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c) Year 2002  103
The interval required to lay a replacement clutch increased as the season progressed 
for the first ten seasonal periods (Figure 4.9). After the tenth period, the time required 
to lay a replacement clutch actually declined, possibly indicating laying by high 
quality or well experienced birds. An ANOVA on log transformed relaying interval, 
using year, original nest number and seasonal period as fixed factors in the analysis 
revealed that there was a significant relationship between the length of the relaying 
interval and original nest number (F = 1.328 p = 0.050) and seasonal period (F=2.221, 
p = 0.003). Although the identity of the birds laying the eggs had an impact on the re-
laying interval, the nest number could not be tested for any further interactions due to 
a loss in degrees of freedom; however, it was included as a random factor in the 
analysis. There was no relationship between the laying interval and year (F = 0.027,    
p = 0.974 n.s.), nor any interaction between year and seasonal period (F = 1.135, n.s.). 
There was no variation in laying interval between the three years of the study. 
 
The number of clutches previously produced by a breeding pair affected the time 
required by that pair to lay a replacement clutch, although this was not a linear 
relationship (Figure 4.10). The laying interval increased with each successive clutch, 
up to three clutches additional to the original clutch, as might be expected with the 
increased reproductive effort. However, birds that had laid an additional 4, 5 or 6 
clutches had a shorter re-laying interval than those that had laid fewer clutches.   
 
An ANOVA on log-transformed laying intervals revealed a significant difference 
between the intervals of birds with different laying histories (F = 3.181, p = 0.006). 
The laying interval, however was not affected by the year in which laying occurred  
(F = 1.41, p = 0.247 n.s.), nor was there any relationship between the identity of the   104
parents and the relaying interval (F = 1.111, p = 0.259 n.s.). It would appear that the 
laying interval is not specific to individual birds, but is affected by the previous 
reproductive effort of the parents.  
 
To assess the relationship between clutch size and the subsequent re-laying interval, 
Pearson’s correlation coefficients were generated between clutch parameters and the 
log-transformed re-laying interval. Independent variables included: egg weight and 
volume for the a-, b- and c-eggs, total clutch volume and mass, mean clutch volume 
and mass and the number of eggs laid. Neither the size of the eggs, nor the size of the 
clutch produced, had any relationship with the subsequent re-laying interval required 
to produce another clutch (all variables non-significant).  
   105
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Figure 4.9: Changes in laying interval length as the breeding season progressed for all three 
years combined. The season is divided into intervals of 10 days. The bars represent ± 1 S.E. 
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Figure 4.10: Changes in laying interval length with the previous laying history of the natural 
parents for all three years combined. Laying history values indicate the number of clutches 
laid in addition to their original clutch. The bars represent ± 1 S.E.   106
4.3.4  Initial clutch parameters and the probability of a replacement clutch 
 
4.3.2.1 Influence of seasonal period 
 
In the preceding sections (4.3.2 and 4.3.1), it was demonstrated that season and the 
laying history of the parents effect egg size and the relaying interval. A relationship 
between good maternal condition and larger eggs was also established. In the 
following section, the probability of a replacement clutch will be assessed based on 
the size of the initial clutch produced and the seasonal period. The relationship 
between egg size and the presence of a replacement clutch will be examined 
separately for the a-egg and the b-egg, using MANOVA, ANOVA and bivariate 
logistic regression. The results from all analyses for the a-egg will be presented first, 
followed by the b-egg. Section 4.3.2.2 will then go on to examine the influence of the 
laying history of the parents on the presence of a replacement clutch. 
 
A MANOVA was performed using the a-egg length, breadth, and weight together 
with the whole clutch variables, total mass and total volume, mean mass and mean 
volume, and the number of eggs as the dependent variables. The presence of a 
replacement clutch, year, original nest number and seasonal period, divided into 
intervals of ten days, were included as factors in the analysis. The MANOVA 
revealed no significant relationship between any of the a-egg variables or clutch 
variables and the presence of a replacement clutch (Wilk’s F9,363 0.739, p = 0.674 
n.s.). However, year (Wilk’s F18,726 3.48, p = 0.000), original nest number (Wilk’s 
F3141,3293.5 1.386, p = 0.000) and seasonal period (Wilk’s F198,3056.2 1.65, p = 0.000), 
proved to have highly significant relationships with the size of the a-egg. While a   107
significant result for the original nest number shows that the strong possibility of a 
genetic component to the size of the a-egg, this could not be investigated further due 
to a loss of degrees of freedom in the analysis.  
 
It is possible that the inclusion of seasonal period resulted in a loss of power when 
testing for the probability of a replacement clutch. When the seasonal period was not 
included in the analysis, the presence or absence of a replacement clutch had a highly 
significant relationship with the size of the a-egg (Wilk’s F9,403 3.862, p = 0.000). This 
would suggest that those birds capable of producing large eggs are also more capable 
of producing a replacement clutch. Seasonal period alone had a highly significant 
impact on the presence of a replacement clutch after clutch removal had occurred as 
mentioned above, and as illustrated in Figure 4.11. There was a very clear decline in 
the likelihood of replacements as the season progressed, as would be expected with 
the reduction in the period available for laying before the end of the breeding season. 
 
Table 4.4 shows the difference in mean egg size for the a-, b- and c-eggs across all 
three years of the study from clutches that were not followed by a replacement clutch, 
compared with those that were. For the a-, b- and c-eggs, those cases that were 
followed by a replacement clutch had a higher mean weight than those that were not. 
Only the mean breadth of a-eggs appeared to be slightly higher in those clutches 
followed by a replacement clutch, whereas b-egg breadth and c-egg breadth were the 
same, regardless of whether there was a replacement clutch. The main differences 
appeared to be in the overall clutch mass and volume, due to a greater number of eggs 
in those clutches that were followed by replacement clutches.    108
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Figure 4.11: Seasonal decline in the probability of a replacement clutch being laid after 
clutch removal. The seasonal period is divided into intervals of 20 days beginning on 01 
April. Bars represent ± 1 S.E. 
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Initial clutch & egg 
variables 
 
 
Not followed by a 
replacement clutch 
 
Followed by 
replacement clutch 
a-egg weight (g)  39.5±3.5 
(467) 
39.8±3.3 
(300) 
b-egg weight  37.6±3.6 
(456) 
38±3.6 
(296) 
c-egg weight  35.1±2.7 
(8) 
36.5±3.5 
(29) 
a-egg breadth (mm)  38.1±1.2 
(468) 
38.2±1.1* 
(301) 
b-egg breadth  37.3±1.2 
(457) 
37.3±1.1 
(296) 
c-egg breadth  36.8±1 
(8) 
36.8±1 
(29) 
a-egg length (mm)  52.9±2.1 
(468) 
52.9±1.9 
(301) 
b-egg length  53±2 
(457) 
53±2 
(296) 
c-egg length  52.1±2 
(8) 
52.3±2.4 
(29) 
a-egg volume (mm
3)  38.0±3 
(468) 
38.0±3 
(301) 
b-egg volume  36.33±3.3 
(457) 
36.53±3.33 
(296) 
Clutch volume (mm
3)  73.92±10.16 
(470) 
76.55±14.2 
(305) 
Clutch mass (g)  76.34±11.07 
(470) 
79.49±14.86 
(305) 
Mean mass (g)  38.51±3.33 
(470) 
38.81±3.24* 
(305) 
Mean volume (mm
3)  37.26±3.01 
(470) 
37.3± 2.9* 
(305) 
Number of eggs  1.96±0.27 
(485) 
2.05±0.37 
(316) 
 
 
Table 4.4: The mean size ± S.E. for a series of variables for those clutches that were replaced 
after removal and those that were not replaced. * indicates a significant difference between 
size variables for the interaction of seasonal period with production of a replacement clutch.  110
The relationship between egg and clutch sizes and the presence of a replacement 
clutch is, however, more complex than represented in Table 4.4. The effect of year, 
seasonal period and original nest number on the a-egg weight, breadth, length, 
volume, clutch mass and volume, mean clutch mass and volume, and the number of 
eggs per clutch, all need to be considered to obtain an accurate picture of the true 
relationship. As mentioned previously, the presence of a replacement clutch was not 
significantly related to the size of the a-egg, nor to the size of the clutch that it came 
from (Wilk’s F9,363 0.739, p = 0.674 n.s.). The two-way interactions between year and 
the presence of a replacement clutch (Wilk’s F18,726 1.575, p = 0.060 n.s.), and 
seasonal period and the presence of a replacement clutch (Wilk’s F162,2957.3 1.174,       
p = 0.070 n.s.), both bordered on multivariate significance, suggesting that a 
difference existed in the chance of a replacement clutch predicted from a-egg size, 
between years and in different seasonal periods. 
 
Using univariate analysis, there was an interaction between the presence of a 
replacement clutch, the year and the breadth of the a-egg that bordered on significance 
(F = 2.789, p = 0.063). No other a-egg size parameters were linked to the presence of 
a replacement clutch, regardless of the year in which laying occurred. The interaction 
between the presence of a replacement clutch and the seasonal period was significant 
for the a-egg breadth (F=1.709, p = 0.036) and was bordering on significance for the 
weight of the egg (F = 1.567, p = 0.066). This relationship then translated into a 
significant result for the mean clutch mass (F = 1.637, p = 0.049) and the mean clutch 
volume (F = 1.657, p = 0.045). It would appear from these results that the presence of 
a replacement clutch could be used to predict the size of the a-egg, in terms of its 
breadth, and the mean mass and volume of the original clutch prior to clutch removal.   111
Figure 4.12 demonstrates, however, that the relationship between the breadth of the a-
egg, the presence of a replacement clutch and the seasonal period is not linear. There 
does appear to be a stronger decline in the in the size of the a-egg toward the end of 
the season among those eggs that were followed by a replacement clutch, compared 
with those eggs that were not followed by a replacement, however the standard error 
is large.  
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Figure 4.12: The relationship between the breadth of the a-egg and seasonal period in 
clutches that were followed by a replacement clutch compared with those that were not. All 
three years of the study were combined. Bars represent ± 1 S.E.   113
A bivariate logistic regression was then performed, using the presence of a 
replacement clutch as the dependent variable, and a-egg weight, breadth, length, 
volume, clutch mass and volume, mean clutch mass and volume, number of eggs in 
the clutch, original nest number and period within the season as covariates. This 
revealed no significant relationship between the size of a-egg in the first clutch and 
the presence of a replacement clutch, but did show a significant relationship between 
the presence of a replacement clutch and the size of the initial clutch, in terms of its 
total mass and mean mass (Table 4.5). The logistic regression showed that females 
that laid small a-eggs appeared just as likely to lay a replacement clutch after removal 
of their first clutch, compared with those individuals that laid large a-eggs. Thus, the 
size of the eggs cannot be used to predict if a replacement clutch will be laid.  
 
There was a highly significant impact of seasonal period upon the presence of a 
replacement clutch (p = 0.000) indicating that the interval during the season when the 
initial clutch was laid strongly influenced whether it would be followed by a 
replacement clutch. The identity of the parents also influenced whether a replacement 
clutch was laid. The size of the initial clutch influenced the presence of a replacement 
clutch, although this relationship only approached significance (Table 4.5) and was 
not linear (Figure 4.13). Birds that laid larger clutches, in terms of the number of eggs 
and the mean clutch mass, earlier in the season, appeared more likely to lay a 
replacement clutch. As the season progressed, this relationship became less clear. 
Fewer breeding pairs laid replacement clutches after removal of a two-egg clutch 
(37.8%) than birds that laid three-egg clutches (78.4%) (Figure 4.14). This suggests 
that those birds that are capable of laying a three-egg clutch may be of a higher 
individual quality.   114
 
 
 
 
 
Variable 
 
 
B 
 
S.E. 
 
Wald’s χ
2 
 
d.f 
 
P 
 
Exp (B) 
a-egg weight  -0.256 0.176  2.121  1  0.145  0.774 
a-egg breadth   1.141  1.252  1.268  1  0.260  4.094 
a-egg length   0.484  0.460  1.108  1  0.293  1.622 
a-egg volume  -0.529 0.680  0.606  1  0.436  0.589 
Clutch mass  -0.107 0.052  4.176  1  0.041*  0.899 
Clutch volume   0.082  0.051  2.589  1  0.108  1.085 
Mean clutch 
mass 
 0.502  0.210  5.720  1  0.017*  1.652 
Mean clutch 
volume 
-0.397 0.211  3.549  1  0.060  0.673 
Number of 
eggs 
 2.174  1.154  3.547  1  0.060  8.790 
Original nest 
number 
-0.005 0.001  17.485  1  0.000***  0.995 
year   0.114  0.156  0.537  1  0.464  1.121 
Seasonal 
period 
   61.915  22  0.000***   
constant  -77.253 23177.685 0.000  1  0.997  0.000 
 
 
 
Table 4.5: Logistic regression showing the effect of a-egg size, clutch size, original nest 
number, year and season on the probability of replacement clutches being laid.  
   115
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Figure 4.13: The relationship between clutch size (number of eggs laid) and the presence of a 
replacement clutch during the entire breeding season. The season is divided into intervals of 
20 days. The bars represent ± 1 S.E.   116
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Figure 4.14: The percentage of clutches that were replaced in relation to the original clutch 
size (number of eggs).   117
The relationships between the size of the b-egg and presence of a replacement clutch 
will now be examined by repeating the preceding MANOVA and bivariate logistic 
regression using b-egg weight, length and breath as the dependent variables. 
Multivariate analysis revealed that the identity of the parents (Wilk’s F 3150,3149.5 
1.398, p = 0.000), the year in which reproduction occurred (Wilk’s F 18, 694 3.103,       
p = 0.000), and the seasonal period (Wilk’s F 198, 2922.3 2.228, p = 0.000), all 
significantly influenced the size of the b-egg and the size of its clutch. The same 
pattern of relationships was also seen for the a-egg, in terms of the identity of the 
parents and the seasonal period; however, only the b-egg was significantly affected by 
the year. Unlike the a-egg, the presence of a replacement clutch was significantly 
related to the size of the b-egg at the multivariate level (Wilk’s F 9, 347 2.228,               
p = 0.027). The interaction between year and the presence of a replacement clutch was 
not significant for the b-egg (Wilk’s F 18, 694 0.934, p = 0.537 n.s.), whereas the 
interaction between the seasonal period and the presence of a replacement clutch was 
highly significant (Wilk’s F 162, 2827.6 1.617, p = 0.000). 
 
An ANOVA looking at each individual egg size variable for the b-egg revealed a 
significant relationship between its length and the presence of a replacement clutch  
(F = 4.939, p = 0.027), while the weight and breadth were not significant. Overall, the 
mean clutch mass was also significantly related to the presence of a replacement 
clutch (F = 4.277, p = 0.039), whereas the other measures of clutch size were not. 
This includes the number of eggs in the clutch, which for the a-egg was a significant 
factor. This difference may have resulted because those clutches in which the a-egg 
was examined may have included single-egg clutches, whereas those containing the b-
egg must have had at least two or three eggs.   118
 
The identity of the parents specifically influenced the size and weight of the b-egg     
(p = 0.000 for weight, breadth and length), the mean mass (F = 3.225, p = 0.000) and 
mean volume (F = 3.977, p = 0.000) of the clutch, but not the total clutch volume or 
the number of eggs in the clutch (F = 0.661, p = 1.000 n.s.). This result demonstrates a 
relationship between the parent’s identity and the size of the eggs, but not to the size 
of the clutch.  
 
The relationship between the size of the b-egg and the presence of a replacement 
clutch, at the univariate level did not vary between years for any of the size variables 
(F= 1.289, p = 0.277 n.s.), but did vary according to the seasonal period in terms of 
the weight (F = 1.737, p = 0.032), length (F = 3.688, p = 0.000) and volume (F = 
2.024, p = 0.008) of the b-egg. The relationship between the length of the b-egg, 
presence of a replacement clutch and the seasonal period is apparent in Figure 4.15 
There appeared to be very little difference in egg length between those clutches that 
were followed by a replacement clutch, compared with those that were not, despite 
the highly significant result in the analysis. The b-eggs that were followed by a 
replacement clutch appeared to be slightly longer than those that were not replaced 
after clutch removal.  
 
Once again there was a significant impact on the mean clutch mass (F = 1.670,           
p = 0.043) and the mean clutch volume (F = 1.800, p = 0.024), with no impact on the 
number of eggs per clutch.  
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A bivariate logistic regression was performed using the presence of a replacement 
clutch as the dependent variable, and b-egg weight, breadth, length, volume, clutch 
mass and volume, mean clutch mass and volume, number of eggs per clutch, original 
nest number and period within the season as covariates. This test revealed no 
significant relationship between the size of the b-egg in the first clutch and the 
presence of a replacement clutch, but did show a relationship between the size of the 
initial clutch, in terms of total clutch mass and the number of eggs and the presence of 
a replacement clutch that approached significance (Table 4.6). The logistic regression 
showed that females that laid small b-eggs appeared just as likely to lay a replacement 
clutch as those individuals that laid large eggs. In keeping with the pattern seen in the 
a-egg, seasonal period had a highly significant impact on whether the initial clutch 
would be followed by a replacement clutch. The identity of the parents also 
influenced whether a replacement clutch was laid.   120
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Figure 4.15: The difference in the length of the b-egg between clutches that were followed by 
a replacement clutch, and those that were not, over the full breeding season. Bars represent ± 
1 S.E. 
 
 
 
   121
 
 
 
 
 
 
Variable 
 
 
B 
 
S.E. 
 
Wald’s χ
2 
 
d.f 
 
P 
 
Exp (B) 
b-egg weight   0.228  0.173  1.733  1  0.188  1.256 
b-egg breadth  -0.031 0.389  0.006  1  0.936  0.0969 
b-egg length   0.007  0.061  0.013  1  0.909  1.007 
b-egg volume  -0.081 0.582  0.020  1  0.889  0.922 
Clutch mass  -0.078 0.044  3.235  1  0.072  0.925 
Clutch volume   0.072  0.044  2.662  1  0.103  1.074 
Mean clutch 
mass 
-0.032 0.201  0.025  1  0.873  0.968 
Mean clutch 
volume 
-0.064 0.195  0.107  1  0.743  0.938 
Number of 
eggs 
 1.732  0.982  3.113  1  0.078  5.655 
Original nest 
number 
-0.005 0.001  16.073  1  0.000***  0.995 
year   0.141  0.158  0.802  1  0.371  1.152 
Seasonal 
period 
   59.590  22  0.000***   
constant  -18.895 23124.332 0.000  1  0.999  0.000 
 
 
Table 4.6: Results of the logistic regression showing the seasonal effect on the probability of 
replacement clutches being laid. 
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4.3.4.2 Presence of a replacement clutch and parental laying history 
 
The number of clutches laid previously by the parents affected the chances of a 
replacement clutch being laid. The trend was toward a decline in the percentage of 
replacement clutches being produced with increasing reproductive output, in both 
2001 and 2002 (Table 4.7). For both 2001 and 2002, the removal of the first clutch 
resulted in 35% of clutches being replaced, with this figure dropping to around 20% 
by the fourth clutch removal. In 2000, breeding pairs responded to clutch loss 
differently from the later two years, with initial clutch replacement at 41%. There was 
no real decline in the chance of a replacement clutch being produced in 2000, despite 
increased reproductive effort, with replacement levels remaining as high as 50% after 
five clutch removals. These relationships can also be seen in Figure 4.16.  
 
An ANOVA was performed using the presence of a replacement clutch as the 
dependent variable with year, seasonal period, original nest number and laying history 
of the parents as factors in the analysis. As seen in Table 4.7, there was a highly 
significant relationship between the presence of a replacement clutch and the year    
(F = 5.222, p = 0.000), original nest number (F= 1.321, p = 0.006), seasonal period   
(F = 2.425, p = 0.000) and the laying history of the parents (F = 2.776, p = 0.008). 
There was, however, no interaction between year and laying history (F = 0.939 n.s.), 
nor was there any interaction between the laying history and the seasonal period       
(F = 1.019, p = 0.445 n.s.). These results appear to indicate that the previous laying 
history of the parents could be used as an indicator of the likely presence of a 
replacement clutch, regardless of the year or seasonal period in which laying occurs. 
Figure 4.16 demonstrates the degree of difference in 2000, compared with 2001 
(grouped with 2002) in respect of the probability of a replacement clutch with 
increasing laying output.  123
 
 
 
 
 
 
Year 2000 
 
Year 2001 
 
Year 2002 
 
 
Clutch 
number 
 
Number 
of nests 
robbed 
 
 
Percentage 
that relay 
 
Number of 
nests 
robbed 
 
 
Percentage 
that relay 
 
Number of 
nests robbed 
 
 
Percentage 
that relay 
1  132 40.9% 171 36.84%  181 35.35% 
2  54 59.26% 63  39.68%  64  35.93% 
3  32 53.12% 25  44%  23  43.47% 
4  17 47.05% 11  18%  10  20% 
5  8 50% 2    2   
6  4          
 
 
Table 4.7: The percentage of nests that contained a replacement clutch after successive nest 
robbing had occurred for each year of the study.  
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Figure 4.16: The impact of the laying history of the parents on the probability of a 
replacement clutch being produced for 2000, 2001 and 2002. Laying history indicates the 
number of clutches produced previously by the parents. Bars represent ± 1 S.E.   125
4.3.5  Replacement egg and clutch sizes 
 
The following section will determine the relationship between the size of the initial 
clutch and the size of the replacement clutch. The influence of the laying interval, 
seasonal period and parental laying history on replacement egg and clutch sizes will 
also be investigated. 
 
From the previous analysis (Section 4.3.4.1), it was clear that the size of the clutch, in 
terms of the total mass and mean mass was significantly related to whether a 
replacement clutch was produced. There was also a relationship approaching 
significance between the number of eggs in the original clutch and the presence of a 
replacement, with a three-egg clutch more likely to be replaced. However, the 
question arises as to how the eggs are provisioned within 3-egg clutches compared 
with 2-egg clutches. It appeared that single egg clutches had a smaller mean clutch 
mass than two- or three-egg clutches (Figure 4.17). However, no inferences could be 
drawn from these results, as it was not clear whether these are true single-egg 
clutches, rather than two-egg clutches with the second egg missing. The two-egg 
clutches seemed to have a higher mean clutch mass than the three-egg clutches, 
although the difference was not great (Figure 4.17). When examining the weight of   
a- and b-eggs separately, there appeared to be a decline in a-egg weight, perhaps to 
allow for the production of the third egg (Figure 4.18).  
 
These apparent trends were tested for significance using an ANOVA, with the 
difference in weight between a- and b-eggs as the dependant variable, and with clutch 
number, original nest number and the number of eggs in the clutch as fixed factors.    126
Original nest number was not included in any of the two-way interactions but was 
included as a random factor in the analysis. Only the original nest number had a 
significant impact on the difference in weight between the a- and b-eggs (F = 1.972,  
p = 0.000). There was no relationship between the egg weight difference and the 
number of eggs in the clutch, nor was there any relationship with the clutch number  
(p > 0.05). Despite this lack of statistical significance, the size of the eggs in three-egg 
clutches, in particular a smaller third egg, may have influenced the results. 
Accordingly, all further analysis will be performed using 2-egg clutches only.   127
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Figure 4.17: The difference in mean clutch mass for different clutch sizes. Bars represent ± 1 
S.E. 
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Figure 4.18: The difference in mean egg weight for a- and b-eggs from clutches of differing 
sizes. Bars represent ± 1 S.E.  128
In order to examine the effect of laying interval on the volume of the replacement 
clutch, a multiple regression was performed using replacement clutch volume as the 
dependent variable, and laying interval and initial clutch volume as the independent 
variables. This revealed a significant positive relationship between initial clutch 
volume and replacement clutch volume (t = 5.057, p = 0.000), and a significant, but 
weak, positive relationship between replacement clutch volume and laying interval, in 
the presence of initial clutch volume (t = 2.023, p = 0.044) (Figure 4.19). There was a 
similar positive relationship between the initial clutch mass and replacement clutch 
mass (t = 4.509, p=0.000) (Figure 4.20). There was a trend toward a smaller 
replacement clutch for those birds that laid a larger clutch initially. There was no 
relationship between replacement clutch mass and laying interval in the presence of 
clutch mass (t = -1.236, n.s.). It appears from these results that the longer the relaying 
interval, the larger the clutch volume will be in the replacement clutch. However, 
while the volume is larger, there does not appear to be a similar increase in the mass 
of those eggs.   
 
An ANCOVA was used to determine if successive clutches in the breeding season 
were related to each other when seasonal period, clutch number and year were 
introduced as factors. In each case, the clutch volume or mass from the replacement 
clutch were used as the dependent variable, original nest number, clutch number, 
seasonal period and year as factors in the analysis, with the original clutch volume or 
mass as a covariate. Original nest number was not included in any interactions, but 
was included as a random factor in the analysis.   129
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Figure 4.19: The relationship between the length of the laying interval and the volume of the 
replacement clutch. 
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Figure 4.20: The relationship between previous clutch mass and replacement clutch mass for 
all two-egg clutches.  130
The ANCOVA for both clutch mass and clutch volume indicated that none of the 
factors used in the analysis, that is the year, the seasonal period, the identity of the 
parents and the clutch size of the original clutch, had any affect on the replacement 
clutch size (p > 0.05 n.s. for all). From previous analysis earlier in this chapter, we 
know that the time during the season in which the eggs are laid had a significant 
impact on egg sizes, so in order to get a true indication of the seasonal effect on 
replacement clutch size, the ANCOVA was repeated after removing original nest 
number as a factor.  
 
There was a significant impact of the seasonal period on the replacement clutch 
volume, without the inclusion of original nest number (F = 1.996, p = 0.010) (Table 
4.8) and replacement clutch mass (F = 2.188, p = 0.004). In addition, the slope of the 
regression between original clutch volume and replacement clutch volume, varied 
depending on the time during the season when laying occurred. The same pattern also 
existed for the replacement clutch mass (F = 2.217, p = 0.003). These analyses 
suggest that the outcome of the original ANCOVA was due to the overwhelming 
influence of the original nest number. The individual effect from the nest number 
interacts with the previous clutch volume (or mass) and the seasonal period to 
produce the replacement clutch volume (or mass). 
 
The original nest number, however, did not interact with the clutch number and the 
previous clutch size to produce the replacement clutch volume (Table 4.8) or 
replacement clutch mass (F = 0.869, n.s.). The replacement clutch size cannot be 
predicted by the identity of the adults, combined with the number of clutches that had 
been previously laid.    131
 
 
 
 
 
Variable Hypothesis 
d.f. 
F-value P 
Initial clutch 
volume 
1 0.086  0.769 
Clutch 
number 
5 1.010  0.413 
Seasonal 
period 
19 1.996  0.010* 
year  2 1.787  0.170 
Season*initial 
clutch volume 
19 2.104  0.006** 
Year*initial 
clutch volume 
2 1.470  0.232 
Initial clutch 
number*initial 
clutch volume 
5 1.103  0.360 
Error  200    
 
 
 
Table 4.8: The effects of previous clutch volume, seasonal period, clutch number and year on 
the replacement clutch volume.   132
4.4 Discussion 
 
Previous studies on the breeding biology of the Silver Gull in Western Australia 
identified three characteristic peaks in laying throughout the extended laying season 
(Nicholls 1964; Dunlop 1978; Wooller and Dunlop 1979). The first peak usually 
begins in late March /early April and is followed by generally less synchronised peaks 
toward the end of each year. Laying began on Penguin Island in the second week of 
April in 2000 and continued through until the end of April when a trough in the 
number of newly initiated clutches occurred. The second peak in laying, as described 
by Wooller and Dunlop (1979) was very minor in this year and the laying pattern 
across the entire year more closely resembled ‘double-brooding’ as opposed to ‘triple-
brooding’. The timing of laying in this year was also slightly later than the previous 
studies had found at the Penguin Island colony (Dunlop 1986; Meathrel 1991). In the 
following two years, however, laying was even later, with clutch initiation being 
delayed until the second week in May in 2001 and the first week in May in 2002. The 
timing of the first laying peak and subsequent trough has been associated with activity 
by older, more experienced adults at the beginning of the peak, followed by an influx 
of younger, less experienced adults, resulting in the trough (Wooller and Dunlop 
1979). Variations in the onset of laying, between the three years of the study, suggests 
that there is also variation in environmental conditions that trigger laying and 
determine laying patterns.  
 
Dunlop (1986) found that variations in the onset of laying by Silver Gulls in each 
season were strongly correlated with the spring rise in temperature at the end of the 
previous laying period, rather than the environmental conditions experienced at the   133
start of the season, such as photoperiod or ambient temperature. The inhibition of 
reproductive activity by increasing temperature was thought to influence the cessation 
of laying, with high temperatures at the end of the season also causing a delay in 
clutch initiation for the following season (Dunlop 1986). Dunlop (1986) found that 
clutch and egg sizes varied considerably between years, although there was no 
correlation between the size of clutches or eggs, and the timing of the onset of laying. 
Drent and Daan (1980) found that food plays a role in the bird’s decision whether to 
breed or not, based on some threshold body condition. While this may hold true for 
the Silver Gull, Dunlop (1986) found that the nutritional state of the female, measured 
by visceral and abdominal fat content and body size once above a certain basal level, 
had no influence upon the date when breeding began. Thus, the timing of breeding 
appeared to depend upon environmental information imposed at the end of the 
previous breeding season, and egg and clutch sizes changed in accordance with the 
nutritional plane of the population at the onset of laying (Dunlop 1986).  
 
The earliest onset of laying for the current study occurred during 2000, which also 
experienced an unseasonally high rainfall in January, prior to laying. It seems more 
likely that the availability of fresh water, in order to attain adequate maternal body 
condition prior to laying, would be more important in this species than the 
temperature at the end of the previous season, as suggested by Dunlop (1986). If the 
gulls have experienced a dry summer, similar to that preceding the 2001 and 2002 
laying seasons, adequate maternal condition may not be achieved until after the first 
autumn rains in April. Rain began in late March early April in 2002, while laying 
began in early May. In contrast, very little rain was received in 2001 until late April 
and laying was consequently delayed until later in May. In Audouin’s Gull Larus   134
audouinii, egg volume was found to reflect food availability during the pre-laying 
period (Genovart et al. 2003). This relationship was not investigated for the Silver 
Gull. However, as food is readily available at the local refuse site, food was not 
considered to be limiting in this species. 
 
The peak in numbers of eggs laid per day during April or May also coincided with the 
largest eggs in all three years. Immediately after the peak, the number of newly 
initiated clutches and the size of eggs declined. Declines in egg size may have been 
due to a reduction in the ability of birds to provision their eggs as the season 
progressed and resources became low. Alternatively, egg size reductions may indicate 
laying by younger, less experienced birds. The environmental factors that caused 
declines in egg size, however, did not result in a reduction in the clutch size, in terms 
of the number of eggs. Adult gulls elected to produce the same number of offspring, 
but the eggs were presumably not as well provisioned due to the size reductions. This 
could then result in a reduced likelihood of hatching or chick survival. This will be 
investigated in Chapter 6.  
 
The decline in egg size after each main laying period has been observed in other 
seabirds and is usually attributed to later laying by inexperienced pairs (Coulson 
1966; Parsons 1976; Smith and Carlisle 1992). Mills (1979) showed that Red-billed 
Gulls in New Zealand laid progressively earlier in the season as they aged, and that 
the size of eggs tended to increase with the age of the female, up to seven years old. 
Egg size is frequently linked to the age and experience of the female (Nelson 1980), 
in part because experience may be linked to increased foraging, and thus breeding, 
efficiency. Mills (1979) concluded that the seasonal decline of egg-size in Red-billed   135
Gulls could be attributed to parental age and experience, as well as decreasing 
resources.  
 
Wooller and Dunlop (1979) found that the earliest-nesting Silver Gulls on Carnac 
Island (i.e. the first two weeks of laying) laid fewer eggs than those laying 
immediately after the first laying peak. This may have represented laying by very 
young and/or inexperienced females. Peak clutch numbers and egg sizes did not reach 
maximal values until one or two weeks after the initiation of laying in all three years 
of the study. In 2001 and 2002, laying was delayed until the second week in May, 
compared with 2000, when birds began laying during the first week of April. This 
suggests possible interactive effects from environmental conditions during the months 
prior to laying that may cause a delayed onset of laying by the older, more 
experienced adults, individuals that may be expected to lay larger eggs. The decision 
to lay by these more experienced birds may have been delayed until a threshold level 
of body condition had been met (Drent and Daan 1980). Body condition in Lesser 
Black-backed Gulls is related to protein levels in the pectoral muscle (Bolton et al. 
1993) rather than fat levels or the general body size measurements used by Dunlop 
(1986) to assess female nutritional status. 
 
According to the laying pattern classification systems mentioned in Section 4.1, the 
Silver Gull would be placed toward the determinate end of the laying scale. Protracted 
laying, as defined by Kennedy (1991), cannot be induced in Silver Gulls (Lamont 
1999), but whole clutch replacement generally after a period of 13-20 days, does 
occur, although relaying periods can be much longer. This is in contrast to findings 
for other gull species, such as the Black-headed Gull, Herring Gull and Lesser Black-  136
backed Gull (Kennedy 1991), in which protracted indeterminate laying has been 
identified. Kennedy (1991) recognised that no overall relationship existed between 
taxonomy and laying pattern, and that the Laridae represented a mixture of laying 
patterns. However, the Black-headed Gull (Weidmann 1956; Houston et al. 1983), 
Lesser Black-backed Gull (Paludan, in Wooller 1979), Ring-billed Gull (Brown and 
Morris 1996) and the Herring Gull (Parsons 1976; Houston et al. 1983), also lay 
replacement clutches after a protracted period of between ten and fifteen days, when 
whole clutches are removed. Kittiwake Gulls appear most similar to Silver Gulls in 
that they will not replace lost eggs immediately, but do lay entire replacement 
clutches of two eggs after a period of 10-14 days (Wooller 1979). It was proposed by 
Wooller (1979) that the laying pattern in Kittiwakes was adapted to a cliff-nesting, 
predator-free environment; this is not the case for the Silver Gull. 
 
By abandoning the nesting attempt after loss of the a-egg, the first-laid egg acts as a 
‘test egg’, enabling Silver Gulls to test the suitability of the breeding environment 
before committing an entire clutch. This laying pattern may represent an adaptation 
by Silver Gulls to a climatically variable, or high predation environment, such as that 
created by the King’s Skinks on Penguin Island. It may also be a product of a long 
breeding season, which allows the time to replace a lost clutch rather than having to 
persevere under poor conditions, as would be the case for many high latitude gulls. By 
abandoning the breeding attempt, these gulls are conforming to the bet-hedging 
strategy described by Sæther et al. (1996) and Bradley et al. (2000). High desertion 
rates in females in response to removal of the a-egg, has also been recorded for the 
Common Tern (Arnold et al. 1998). In this case, it was suggested by Arnold et al.   137
(1998), that the absence of the a-egg acted as a negative indicator to females, which 
they associate with the quality of their nest location.  
 
The relationship between replacement egg size and the laying history of the parents 
appears to be complex in the Silver Gull. A decline in both a- and b-egg size with 
increasing clutch number was seen in 2000, the year in which laying began during the 
first week in April. More clearly pronounced declines in egg size with increasing 
reproductive output have been shown in experimentally manipulated Brünnich’s 
Guillemots Uria lomvia (Hipfner et al. 1999) and Lesser Black-backed Gulls (Nager 
et al. 1999a). In the latter case, the gulls laid indeterminately rather than replace 
whole clutches, and would therefore be expected to incur a greater cost because of no 
resting period between eggs. Replacement clutches, produced after an interval of 
about 12 days, also showed a significant decline in egg size for the Ring-billed Gull 
(Brown and Morris 1996). However, Ring-billed Gulls usually produce a clutch of 
three, one more than the Silver Gull, and the results of the study may have been 
confounded by late laying individuals as no birds were leg banded. For the remaining 
two years of the Silver Gull study, the decline became less marked, and in 2002 egg 
size actually became larger with increasing clutch number. The size of the eggs was 
significantly related to the identity of individual birds. This relationship, together with 
the lack of impact from repeat laying, appears to demonstrate that high quality birds 
are able to consistently lay larger eggs throughout the laying sequence. Heaney et al. 
(1998) did not detect any decline in egg size for the Common Tern when induced to 
lay a fourth egg, although again experimental conditions differed from the Silver Gull 
study in that birds only laid one extra egg above the normal clutch size. A decline in 
egg volume in replacement clutches after the whole clutch removal for Black-headed   138
Gulls, could only be attributed to a seasonal decline in size, not to an effect caused by 
the increased reproductive effort (Mänd 1996). A study conducted on Herring Gulls 
by Parsons (1976), showed that egg size reductions that occurred as a consequence of 
increased laying effort, would only decline to a threshold limit equal to the size of the 
smallest eggs at the beginning of the season. Parsons (1976) attributed this to an 
adaptation to avoid laying progressively smaller eggs, which had little chance of 
producing fledged young. Common Terns appeared to be the most similar to Silver 
Gulls, because while egg mass in the terns declined during some years, in other years, 
egg mass increased in replacement clutches (Wendeln et al. 2000). 
 
Only the study involving Common Terns (Wendeln et al. 2000), could offer an 
explanation as to why there was an increase in egg size with increasing clutch number 
among Silver Gulls in 2002. Variation in foraging conditions between years may have 
been partially responsible for the differences in renesting performance in the Common 
Tern (Wendeln et al. 2000). It is possible that, after each replacement clutch had been 
laid, those Silver Gull pairs that were incapable of laying eggs of a minimal threshold 
size, as suggested by Parsons (1976), stopped laying, leaving only those older more 
experienced pairs that were capable of laying eggs of an equivalent size. In addition, 
this species may have a higher minimum size threshold for the eggs given the reduced 
time constraints experienced by gulls breeding in south western Australia which, in 
turn, results in reduced pressure to produce a viable clutch before the end of the 
breeding season. The combination of age, experience and a higher threshold egg size 
may result in only the ‘higher quality’ pairs laying replacement clutches, particularly 
in poor years. The age of the breeding pair was not known during this study and 
future investigation would be required to support this proposal.   139
 
Female Silver Gulls that have a lower condition index, tend to produce smaller eggs, 
in terms of their volume, but not their mass. In Chapter 3, it was demonstrated that 
female condition index declined as the season progressed, but did not decline in 
response to increased egg production. It has now been demonstrated, that one of the 
effects of a reduced condition in the female, is a subsequent reduction in egg volume, 
which is concentrated mainly in the a-egg. Declines in female condition, leading to 
reductions in egg size, have been demonstrated in the Lesser Black-backed Gull 
(Nager et al. 1999a), although the reduction was measured as egg mass, which in the 
Silver Gull was not related to female condition. Other species that experience declines 
in egg size with reduced maternal condition include Herring Gulls (Meathrel et al. 
1987), and Red Junglefowl Gallus gallus (Parker 2002). Species in which no 
relationship between maternal condition and egg size was established include, the 
Great Skua (Kalmbach et al. 2001), the Ruff Philomachus pugnax (Thuman et al. 
2003), and Short-tailed Shearwaters (Meathrel et al. 1993;  but see, Bradley and 
Meathrel in press). 
 
The interval between successive clutches in the Silver Gull was similar to that 
described by Wooller (1979) for the Kittiwake, Parsons (1976) for the Herring Gull, 
Houston et al. (1983) for the Lesser Black-backed Gull and Weidmann (1956) for the 
Black-headed Gull. The laying interval in Silver Gulls showed an increase for those 
individuals that had laid up to three clutches previously, and then became shorter for 
birds that laid still more clutches. This decline coincided with the seasonal decline in 
laying interval, which occurred at an equivalent time for those birds that laid upwards 
of four clutches. The laying interval was no longer among birds that laid larger   140
clutches or larger eggs, and a longer re-laying interval did not result in larger eggs 
being laid in the replacement clutch. The time taken to replace a lost clutch was not 
related to the size of the eggs, indicating that parents will not lay a replacement clutch 
unless a minimal egg size has been met, that will ensure the success of the breeding 
attempt. The length of the laying interval was related to individual identity, suggesting 
that the time required by Silver Gulls to recover and lay a replacement clutch may be 
dependent upon individual quality. Those individuals that are able to lay multiple 
replacement clutches may be of a higher quality than those that stop laying, thus, may 
also be able to replace lost clutches in a shorter amount of time. 
 
As expected, however, the re-laying interval did increase over the course of the 
breeding season, although at the very end of the season the laying intervals, once 
again, declined in length. Increases in laying interval as the season progresses have 
also been reported in Black-headed Gulls (Mänd 1996), Herring Gulls (Parsons 1976), 
Red-billed Gulls (Mills 1979) and Common Terns (Wendeln et al. 2000) among many 
other species. This pattern suggests that the re-laying interval may be controlled more 
by external environmental factors than by cumulative stress arising from prior 
reproductive effort. It is possible that the same environmental factors that caused 
seasonal declines in egg size may have also acted to cause an increase in the re-laying 
intervals. If resource availability declined as the season progressed, it may have taken 
longer for individuals to regain threshold body condition to lay a replacement clutch. 
Those birds that laid replacement clutches at the end of the season, however, would 
need to decrease the laying interval, possibly at the expense of their own condition, in 
order to produce another clutch before the end of the season and the start of summer. 
Egg size increased at an equivalent time during the season that the laying interval was   141
declining, demonstrating that female gulls were not trading off egg size with a final 
breeding attempt for the year. In fact, an increase in egg size suggests, that those 
individuals that were prepared to lay toward the end of the season, may have been of a 
higher quality than those that chose not to lay. Alternatively, with the impending 
season end, and no further requirement to maintain breeding condition, these 
individuals may have selectively provisioned their eggs at the expense of their own 
condition. It was demonstrated in Chapter 3 that maternal condition declined at the 
end of the season, thus providing evidence in support of a trade-off between maternal 
condition and egg quality. 
 
Parsons(1976) found that, in the Herring Gull, the laying interval increased 
significantly toward the end of the laying season. He attributed this to a necessary 
resting period after the first clutch, during which food reserves would be obtained. 
Pectoral muscle protein declines from the start of laying to the end of laying for 
Lesser Black-backed Gulls (Bolton et al. 1993). Thus, it follows that in environments 
where food resources may be limiting toward the end of the season, a longer period 
may be required to restore protein reserves to pre-laying condition. Food resources are 
unlikely to be limiting for Silver Gulls because of the close proximity of a local refuse 
site that provides an abundant food supply. However, accessibility of the resources 
may be variable due to changes in climatic conditions during the winter period.  
 
The mean interval between first and second broods in the Great Tit was shorter in 
years of rich food supply and was also shorter when fewer young had been raised in 
the first brood (Kluyver reviewed by Drent and Daan 1980). Great Tits produce, on 
average, 9-10 eggs (Klomp 1970) representing a large energetic investment by the   142
female bird. A decline in fat and protein condition of females during egg formation 
might be expected in small birds, where egg weight and clutch weight are large in 
relation to body weight (Lack 1968). Great Tits appear to follow a life-history strategy 
in which large clutches combine with low adult survival rates, described by Sæther et 
al. (1996) as ‘high-reproductive species’. It follows that Great Tits will preferentially 
suffer a reduction in their own body condition, resulting in longer re-laying intervals 
to regain reproductive condition, in order to ensure the maximal production of young. 
Silver Gulls lay fewer eggs per clutch and are not forced to reproduce within a short 
seasonal period, thus reducing overall stress on the female, and ensuring that they will 
not lay a replacement clutch until the threshold condition level has been reached. This 
species does, however, maintain a high reproductive output by multiple breeding 
attempts within a single season, in keeping with the bet-hedging strategy described by 
Sæther (1996). Rowley and Russell (1991) found that repeat breeding was 
commonplace and as successful as first attempts in Australian passerine species. The 
passerines also have a smaller, relatively invariable clutch size, similar to the Silver 
Gull, and in contrast to northern hemisphere passerines (Rowley and Russell 1991). 
Smaller clutch size and laying more clutches per year, are life history parameters 
believed to be common in tropical and southern temperate birds (see review by 
Geffen and Yom-Tov, 2000).  
 
The percentage of Silver Gulls that were able to lay a replacement clutch after loss of 
their first clutch, declined as the season progressed in 2001 and 2002. A similar 
decline in re-laying ability was found in the Herring Gull (Parsons 1976). The 
proportion of birds that are able to replace lost clutches varies considerably amongst 
gull species, with a replacement rate of 70% for Herring Gulls (Parsons 1976), 60%   143
for Kittiwakes (Wooller 1979), 44% for Silver Gulls (Lamont 1999) and 32% for 
Black-headed Gulls (Weidmann 1956). For all except the Black-headed Gull, 
replacement figures are from the height of each breeding season and therefore should 
not be confounded by seasonal declines.  
 
Higher replacement figures would be expected for Kittiwakes and Herring Gulls, 
which have a shorter time window in which to produce a successful clutch, compared 
to the Silver Gull whose protracted breeding season offers greater opportunity for re-
laying at a later time without causing stress to the female gull. Protracted, 
indeterminate laying to maintain optimal clutch sizes by these boreal species, is also 
congruent with this theory.  
 
Lower replacement rates for the Black-headed Gull can be partially explained by a 
comparison of body and clutch sizes. Both the Silver Gull and the Black-headed Gull 
have relatively small body sizes, 265-315g for Silver Gulls (Higgins and Davies 
1996) and 226-290g for Black-headed Gulls (Cramp and Simmons 1983). A two-egg 
clutch represents 29%, and three-egg clutches 40%, of female body weight for Silver 
Gulls (Higgins and Davies 1996), with similar values for Black-headed Gulls at 29% 
for two eggs and 44% for three (Cramp and Simmons 1983). However, the modal 
clutch size for the Black-headed Gull is three eggs, representing a greater metabolic 
investment by the smaller gull each time a clutch is laid. It may therefore take longer 
to regain threshold body condition to breed again within the restricted timing of a 
higher latitude summer, so the Black-headed Gull may be more likely to abandon 
breeding for that season. 
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Silver Gulls that lay small eggs are just as likely to replace a lost clutch as those that 
lay large eggs. Results thus far seem to indicate very little difference in re-laying 
ability between birds with different laying experiences. However, it must be borne in 
mind that no evidence was gained during this study to confirm the connection 
between egg size and laying experience in Silver Gulls. Further experimentation, 
using gulls of known age and experience, may highlight this relationship. Providing 
that the more experienced Silver Gulls did lay larger eggs, then the ability of birds to 
re-lay regardless of experience would seem to indicate, once again, that food was not 
a limiting resource during this study. An alternate model suggests that egg size in 
Silver Gulls may have a genetic component rather than be related to the age and 
experience of the individual gull. Common Terns that were older and heavier were 
more likely to lay replacement clutches, but interestingly those that laid smaller eggs 
were also more likely to relay (Wendeln et al. 2000). High egg mass is usually 
associated with high quality parents (Bolton 1991), which would be expected to relay 
after clutch loss. The negative correlation between egg mass and relaying ability, in 
the Common Tern, may indicate a trade-off between the cost associated with 
producing large eggs and the benefit of renesting (Wendeln et al. 2000). 
 
The number of clutches laid previously by a breeding pair had a significant influence 
upon the probability of that pair re-laying. However, rather than laying history 
affecting re-laying ability for all gulls in the same way, it may be that the impact on 
each bird is variable, depending on the individual identities of the parents. 
Replacement clutches show a slight decrease in egg size (depending on the year, as 
mentioned above) but show no decrease in egg number as more clutches are laid.    145
This evidence is very consistent with the proposal that, at least at the egg production 
level; 
•  Silver Gulls are not strongly resource limited. 
•  This species does not appear to trade off egg quality against breeding attempts. 
•  Indeed, parents will not lay replacement clutches of smaller size with a reduced 
chance of success. 
•  Rather, they will wait until resources availability is high enough to ensure the 
production of well-provisioned eggs.  
 
There appears to be a link between the proportion of replacement clutches laid and the 
production of eggs of equivalent size in the replacement clutch. A mechanism may be 
operating to ensure that smaller, resource-limited eggs with a reduced chance of 
fledging, are not frequently laid. A similar mechanism has already been suggested for 
the Silver Gull (Meathrel 1991) and for the Red-billed Gull (Mills 1979). Rather than 
laying progressively smaller eggs, with a reduced chance of fledging, Silver Gulls 
appear to abandon the breeding attempt and not re-lay when placed under stress. It 
remains to be seen, in Chapter 6, whether replacement clutches consist of poorly 
provisioned eggs that may lead to a decline in chick success. 
 
Along with a minor reduction in egg size, there was a decline in re-laying ability with 
the production of extra clutches. It appears that rather than partitioning reproductive 
costs heavily toward the quality of the egg, Silver Gulls delay the breeding attempt, 
either until later in the season, or until the next year, and as was inferred in Chapter 3, 
absorb at least part of the cost of egg production into the condition of the adults. 
Meathrel (1991) found that no trade-off operated between egg-size and egg-quality,   146
and in contrast to the current study, also found that there was no relationship between 
female body condition and reproductive performance in Silver Gulls. Meathrel’s 
(1991) study, however, involved chicks being incubated and raised in laboratory 
conditions, without any involvement by adult gulls. Assessment of the adult body 
condition also did not specifically target the pectoral muscle region, which was found 
by Bolton (1993), to be the region most affected during laying in the lesser black-
backed gull.  
 
Chapter 5 will now go on to examine if increased egg production demands, associated 
with clutch replacement, translate into a shift in the offspring sex ratio. Chapter 6 will 
then examine if there is a trade-off between egg size and egg quality that could 
potentially translate into a decline in chick growth or survival. 
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CHAPTER 5 – IMPACT OF INCREASED EGG PRODUCTION ON THE 
OFFSPRING SEX RATIO 
 
5.1 Introduction 
 
In Chapter 4 it was demonstrated that an increase in reproductive output did not result 
in a significant decline in egg sizes or clutch sizes. The number of clutches laid by the 
parents also had no influence upon the length of the relaying interval between 
successive clutches. As the breading season progressed, however, egg sizes declined, 
the percentage of clutches that were replaced was reduced and relaying intervals 
increased. 
 
This chapter explores the possibility of changes in the offspring sex ratios as a 
consequence of increased reproductive effort. The possible causes behind any 
alteration of the sex ratio will also be discussed, as will the effect of increased egg 
production on the sex ratio of the offspring. In addition, the viability rates of eggs 
produced by gulls that have been induced to lay multiple clutches of eggs, compared 
with individuals that have laid only one clutch, will be examined. Seasonal effects 
upon offspring sex ratio and egg viability will also be examined. 
 
Fisher (1930) showed that natural selection favours those parents who invest equally 
in both their sons and daughters when the two sexes are equally costly to produce. 
Trivers and Willard (1973) modified Fisher’s theory to include situations in which 
parents should skew their offspring toward one sex. They proposed that a high quality 
adult female who produces a son will leave more surviving grandchildren than a   148
similar female who produces a daughter, while a poor quality female who produces 
daughters will leave more surviving grandchildren than a similar female who 
produces a son. McNamara (1996) points out that their argument measures the value 
of sons and daughters solely in terms of the number of offspring produced and fails to 
take into account the reproductive value of these offspring. It is possible that, under 
some circumstances, the future reproductive value of a high quality daughter may be 
higher than the reproductive value of a high quality son. 
 
The immediate causes of sex ratio variation are diverse. In some species, temperature 
conditions during incubation determine the sex ratio of the offspring, for example in 
crocodilian species (Lance et al. 2000), whereas in haplo-diploid organisms sex ratios 
depend on the proportion of fertilized to unfertilized eggs laid (Clutton-Brock 1982). 
During the period when evidence was mounting that sex ratios represent adaptive 
strategies of reproduction, Clutton-Brock (1982) raised the question as to whether 
diploid organisms, in which sex is chromosomally determined, could vary the sex of 
their progeny in an adaptive fashion. 
 
Offspring can decrease their individual costs to parents through local-resource 
enhancement (Clark 1978), for example by helping their parents to raise later 
offspring. Conversely, they could increase their costs by competing with the parents 
for limited resources (Gowaty 1997). Gowaty (op. cit.) indicated that, like differential 
mortality of the sexes, local-resource enhancement and competition are potential 
sources of differential fitness effects of sons and daughters on their parents; indeed, 
they are probably the selection pressures that affect the sex ratio of the offspring. 
Other circumstances whereby parents may skew the sex of their offspring toward sons   149
or daughters have prompted further hypotheses, including local mate competition and 
the maternal condition advantage (for review see, Emlen 1997). A common factor 
across many species is the differential sensitivity of the sexes to environmental 
conditions, which can result in sex-biased mortality (Clutton-Brock et al. 1985; 
Griffiths 1992). Male birds are often larger than females, and generally show higher 
mortality (Griffiths 1992). This has led to the hypothesis that males are more 
vulnerable to adverse conditions due to their relative size and size-linked higher 
energy demands (Clutton-Brock et al. 1985).  
 
While many situations have been proposed which specify circumstances under which 
parents may skew the sex of their offspring, until recently empirical data supporting 
these hypotheses was lacking. Adaptive offspring sex ratio modification has now been 
demonstrated in several avian species, including the Seychelle’s Warbler (Komdeur et 
al. 1997), boreal gull species (Nager et al. 1999a; Alonso-Alvarez et al. 2002) and the 
Great Skua (Kalmbach et al. 2001), among many others. In each of these cases, the 
circumstances under which manipulation of the offspring sex ratio may become a 
fitness benefit to the parents are different. For example, birds may produce a biased 
sex ratio in response to territory quality (Komdeur et al. 1997), resource availability 
(Torres and Drummond 1999; Byholm et al. 2002), laying date (Dijkstra et al. 1990; 
Griggio et al. 2002), pair bond duration (Green 2002) or female condition (Nager et 
al. 1999a; Kalmbach et al. 2001).  
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5.1.1  Territory quality  
 
The work of Komdeur et al. (1997) demonstrated that the Seychelles Warbler has the 
ability to adjust facultatively the sex of its progeny in response to territory quality. 
The Seychelles Warbler is a rare endemic of the Seychelles Islands, north of 
Madagascar. Females produce a single-egg clutch (91% of 223 nests) once per year 
and have high annual adult survival (81.1%, 334 bird-years) (Komdeur et al. 1997). 
While offspring may disperse to fill vacancies in outside territories and breed in their 
first year, many remain on the natal territories as helpers to their parent’s offspring. 
The majority of helpers are females (88%), with the frequency of helping determined 
by habitat saturation and territory quality, measured by insect prey density (Komdeur 
et al. 1997). It would be expected under these conditions that the offspring sex ratio 
would be skewed entirely toward females while they continued to be helpful to the 
parents.  
 
Komdeur et al. (1997) found that while parents occupied high-quality territories the 
presence of helpers increased their parent’s reproductive success. However, when the 
parents were on low-quality territories, helpers represented competition for low food 
resources and reduced their parent’s reproductive success. Accordingly, unhelped 
breeding pairs on low-quality territories produced 77% sons (Komdeur et al. 1997), 
because males are more likely to disperse to a new territory and therefore reduce 
competition for resources and increase the fitness of the parents. In contrast, unhelped 
pairs on high-quality territories produced only 13% sons (Komdeur et al. 1997), as it 
would be more advantageous in this circumstance to produce females, the sex more 
likely to remain as helpers on the natal territory.    151
Transferring breeding pairs from low- to high-quality territories caused a shift in egg 
production from males to females in the Seychelles Warbler. In addition, breeding 
pairs on high-quality sites with one or no helpers switched from producing female 
eggs to producing male eggs when two helpers were present on the site (Komdeur et 
al. 1997). The results of this study are thus consistent with the theory of facultative 
offspring sex ratio manipulation to maintain parental fitness benefits.  
 
Territory quality and offspring dispersal were investigated as potential determinants 
of offspring sex ratio bias in Eurasian Oystercatchers Haematopus ostralegus (Heg et 
al. 2000). In the study population, there were two territories with one providing 
adjacent nesting and feeding areas, while the other territory had nesting and feeding 
areas spatially separated. The birds from the adjacent sites were at an advantage and 
fledged more chicks with a higher body mass (Heg 1999 cited in Heg et al. 2000). It 
was therefore predicted that, if such differences in body mass had differential effects 
on the fitness of sons and daughters, then selection would result in oystercatchers 
from the two different territories producing different sex ratios in their progeny (Heg 
et al. 2000). Sons of this species disperse less than daughters, but there is no report of 
sons remaining to help at the nest, nor is there any evidence that they compete for 
resources with their parents. Heg et al. (2000) did not report any size differences 
between males and females in this species. 
 
The offspring sex ratio in the oystercatchers from both territory groups was 
determined during a breeding season. There was no difference between the two 
territories in the sex ratios of offspring at hatching or fledging. The only relationship 
that approached significance was an increase in the proportion of males among   152
offspring with increasing age and experience of the female parent, irrespective of 
clutch size or laying order (Heg et al. 2000).  
 
Considering that males are not significantly larger than females in oystercatchers, 
there would be no fitness benefit for the birds occupying the spatially separated, 
poorer territory in biasing the sex ratio toward females in accordance with sex 
allocation theory (Trivers and Willard 1973). If sons remained at the natal territory to 
help their parents, as was the case with the Seychelles Warbler, then we might expect 
to see a bias toward sons among those parents on a high quality territory. There was, 
however, no relationship between sex ratio and territory quality (Heg et al. 2000). 
Although males did not disperse as much as females, there was also no evidence to 
suggest that they helped at the natal territory, thus negating any potential fitness 
benefit in producing more males. Despite increases in female age being linked to 
increases in body condition and breeding experience, without a size differential 
between male and female offspring there would be no fitness benefit in biasing the 
offspring sex ratio toward sons as maternal age increased. The only conclusion that 
can be drawn from this study is that there may be a physiological explanation for 
over-production of males with increasing maternal age, but without further 
investigation this remains unknown.  
 
5.1.2  Resource availability 
 
It is feasible that whatever factor is responsible for differences from parity in 
offspring sex ratios, may operate on a larger geographical scale (Byholm et al. 2002). 
This would occur, for example, if the sex ratio was related to an environmental   153
variable such as resource availability, which varies through space and time. In this 
case it would be expected that variations in resource availability would be correlated 
with variations in the offspring sex ratio.  
 
A study on Finnish Northern Goshawks Accipiter gentilis demonstrated a relationship 
between offspring sex ratio and the abundance of woodland grouse, the preferred prey 
of the goshawks (Byholm et al. 2002). This species of goshawk shows pronounced 
sexual size dimorphism, with females 60% larger than males. The size difference is 
evident later in the nestling period (Byholm et al. 2002), presumably resulting in 
females being the more expensive sex to raise to fledging (Richner 1991). According 
to sex allocation theory (Trivers and Willard 1973), the goshawks should bias their 
offspring sex ratio toward females, the larger sex, during years of grouse abundance. 
In fact, this does not occur. The study showed that 70-75% of all grids within the 
study site demonstrated a negative correlation between resource availability and 
female offspring (Byholm et al. 2002). It is possible that this situation is unique 
because of the extreme sexual size dimorphism (60%) in this species compared with 
other species studied (e.g. 32% size difference in Blue-footed Boobies Sula nebouxii 
(Torres and Drummond 1999) and 12-17% in the Lesser Black-backed Gull (Cramp 
and Simmons 1983)), and may still maximise goshawk reproductive success. Male 
juvenile goshawks suffer much higher mortality in their first year of life than juvenile 
females (Byholm et al. 2002). Due to their smaller size, the young male goshawks 
have far fewer prey alternatives during the harsh winter than the larger females, which 
can kill larger prey. For this reason, an offspring sex ratio biased toward males during 
years of high grouse abundance could then be adaptive (Byholm et al. 2002) by 
allowing a boost of males back into the population while conditions were conducive   154
to their survival. Without this boost, the larger females would dominate all year, 
resulting in a population heavily biased toward females. 
 
While the results from the study on Finnish Goshawks did not follow the idea that 
parents should invest in the smaller, less expensive sex during years of poor resource 
availability, the goshawks were still able to maximise their reproductive success. In 
fact, if parents only invested in the smaller males in poor years, as predicted, when 
those males would already be disadvantaged because of their size, then all individuals 
in the breeding population would suffer. It is the combination of offspring size and 
hunting capabilities, together with the unique environment, that determines how 
females should bias the sex ratio of their offspring.  
 
An example that does follow the theory more closely is the sexually dimorphic Blue-
footed booby, in which females are roughly 32% larger than males (Torres and 
Drummond 1999). Again, according to theory, female offspring should therefore be 
more expensive to produce than males because of their presumed higher food 
requirements (Richner 1991). According to Fisher’s (1930) hypothesis, under these 
circumstances there should be an over production of male offspring.  
 
Adult male and female blue-footed boobies work together to raise between one and 
three chicks in a nesting attempt. There is no size difference between male and female 
nestlings at hatching, but females grow faster and reach a higher asymptotic weight 
before fledging than males (Torres and Drummond 1999). Torres and Drummond 
(ibid.) used mean sea surface temperature as an index of breeding conditions as it had 
been found to be a reliable indicator of marine productivity at all trophic levels. The   155
main diet of the boobies, herring species, was shown to vary in abundance in response 
to warming and cooling of the sea, with numbers of fish dropping off in years of 
warmer water (for review see Torres and Drummond 1999).  
 
Torres and Drummond (1999) report a male-biased sex ratio at hatching (56%) and at 
fledging (57%), and variation in the fledgling sex ratio among years and over the 
reproductive season in the blue-footed booby. There was no differential mortality 
between male and female nestlings during the study. Male bias was greater (up to 
70%) during years when the mean sea surface temperature was warmer and food was 
presumably in short supply. During two warm-water years, the proportion of male 
fledglings also increased with laying date, possibly indicating a decline in maternal 
condition or available resources as the season progressed. With a poor food supply, 
the relatively high cost of producing the larger sex appears to increase further.  
 
Adult boobies appeared to manipulate their offspring sex ratio at the egg production 
stage, rather than through biased nestling mortality, although no mechanism was 
proposed (Torres and Drummond 1999). Over-producing sons during years of poor 
food supply, and hence bad breeding conditions, is consistent with daughters being 
more costly to produce than sons. By hatching fewer daughters during poor 
conditions, the parents are creating a possible fitness benefit to themselves.  
 
5.1.3  Laying date 
 
In the Eurasian Kestrel Falco tinnunculus, Dijkstra et al. (1990) found that the 
fledgling sex ratio was skewed toward males early in the season, while late broods   156
had an excess of females. The shift in sex ratio toward males at the beginning of the 
season is considered adaptive because males produced early in the season have an 
increased likelihood of breeding as yearlings, relative to those produced late in the 
season that do not breed until their second year (Dijkstra et al. 1990). Daan et al. 
(1996) proposed a hypothesis to explain the seasonal shift in offspring sex ratio based 
on size specific differences in maturation time, called the Maturation Time 
Hypothesis (MTH). Körpimaki et al. (2000) also conducted a study on the Eurasian 
Kestrel to determine the relationship of laying date, year, food conditions and the 
body condition of the parents, with the offspring sex ratio. Körpimaki et al. (ibid.) 
were able to demonstrate inter-annual variation in the secondary sex ratio of kestrel 
broods. One year showed an increase in the proportion of male offspring with 
increasing laying date, whereas another year showed a decline. However, the changes 
that occurred in the offspring sex ratio were independent of prey densities for those 
years. Body condition of both male and female parents was negatively related to the 
offspring sex ratio, with parents in good condition producing female-biased broods 
(Körpimaki et al. 2000).  
 
Fledgling sex ratio in the American Kestrel Falco sparverius (Griggio et al. 2002) 
was also found to vary with laying date. Griggio et al. (ibid.) were able to demonstrate 
that the offspring sex ratio became more female biased with an increase in laying 
date, similar to the earlier study (Dijkstra et al. 1990). However, male American 
Kestrels usually breed at one year of age (early maturation) (Griggio et al. 2002), 
which suggests that while some kestrel species fit the MTH (e.g. the Eurasian Kestrel 
(Daan et al. 1996)) because there is a benefit to producing males earlier in the season, 
it does not support the pattern of seasonal variation in sex ratio of the American   157
Kestrel. Griggio et al. (2002) proposed that the Early Bird Hypothesis (EBH), 
developed by Smallwood and Smallwood (1998), more closely described the situation 
with the American Kestrel. The EBH suggests that, for non-migratory populations 
that are nest-site limited, early-fledged males will have a competitive advantage over 
late-fledged males because the breeding territories are acquired during post-fledging 
dispersal (Smallwood and Smallwood 1998). Although American Kestrels are a 
migratory species, their natural breeding sites are not abundant, creating competition 
for suitable breeding sites (Griggio et al. 2002).  
 
Genovart et al. (2003) proposed that hatching sex ratio would vary seasonally, and 
within the egg sequence in Audouin’s Gull, a species which usually lays three eggs 
and in which adult males are typically 20% larger than females. The study 
demonstrated significant changes in the brood sex composition with season. The 
probability of producing male eggs was greater than 0.5 throughout the season, and 
appeared to increase toward the end of the season. For second and third hatched 
chicks the probability of being male at the beginning and end of the season was less 
than 0.5, with a male bias in the middle of the season (Genovart et al. 2003). The 
proportion of male offspring produced in relation to egg sequence and hatching date 
presented, represents a predicted offspring sex ratio only based on the best-
approximating model, rather than the observed sex ratio. The results indicate trends 
toward sex ratio biases rather than the extremes that were presented in the paper.  
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5.1.4  Pair bond duration 
 
Brown Thornbills Acanthiza pusilla exhibit a number of life-history traits that could 
potentially influence their offspring sex allocation strategy. This species is sexually 
dimorphic in size, with males 14% heavier than females; this difference in size 
becomes apparent only one week after hatching (Green 2002). Variance in 
reproductive success is higher for males than females because of extrapair paternity, 
and females do not alter clutch size according to resource availability (Green 2002). 
These life-history traits resulted in the prediction by Green (2002) that females with 
reduced access to resources should alter their offspring sex ratio toward females and 
that opposite should occur when resources are in abundance. This strategy is further 
complicated by observations that female thornbills prefer to mate with larger males 
(Green 2000 cited in Green 2002). If large body size in brown thornbills is heritable, 
then sons will benefit from this trait more than daughters and the sex ratio would then 
be expected to become skewed toward males. 
 
Green (2002) was able to demonstrate that female thornbills altered the sex ratio of 
their offspring in response to pair-bond duration. Females in new pairs produced 
female-biased broods, whereas females in established pairs produced male-biased 
broods. Males in newly formed pairs, regardless of their age, provisioned their 
offspring at a lower rate than those males in partnerships that had bred in previous 
seasons. Sons, being the more energetically expensive sex, demanded more feeding 
than daughters, so it follows that, when breeding for the first time with a new partner, 
who was likely to provision the young at a lower rate, a female would incur fewer 
costs and ensure greater reproductive success if she produced a female-biased brood.   159
Green (2002) found that females in established pairs that had lost their mate and 
joined a new partnership reverted to producing female dominated broods, in contrast 
to their previous season. However, if a female lost her mate after only the first season, 
the sex ratio of her offspring did not change significantly from the previous year. This 
result is consistent with the hypothesis that pair-bond duration, and not female age, 
affects offspring sex ratios in the Brown Thornbill.  
 
5.1.5  Female condition 
 
Variations in maternal condition that differentially affect the fitness of male and 
female offspring, represent another situation under which selection would be expected 
to favour a bias in the offspring sex ratio. We know that egg production is costly in 
female birds and can cause reductions in maternal condition (Houston et al. 1983; 
Bolton et al. 1993). Since these earlier studies, reductions in maternal condition have 
been subsequently linked to alterations in offspring sex ratios (Nager et al. 2000; 
Kalmbach et al. 2001; Alonso-Alvarez and Velando 2003). This was discussed in 
Chapter 3 (section 3.1).  
 
Although very little is known about the sex-determining mechanism (other than that it 
is chromosomally based), female birds have the potential to control the primary sex 
ratio, as they are the heterogametic sex. As discussed in Section 5.1, male birds are 
often larger than females, and generally show higher mortality (Griffiths 1992), which 
subsequently led to the hypothesis that males are more vulnerable to adverse 
conditions due to size-linked higher energy demands (Clutton-Brock et al. 1985). 
Studies that have involved species with reverse sexual dimorphism, in which males   160
are smaller than females, such as the Great Skua (Kalmbach et al. 2001) and the 
Scops Owl Otus scops (Blanco et al. 2002), support this hypothesis.  
 
Silver Gulls are sexually dimorphic, with adult males roughly 10-12% larger than 
adult females. Male and female offspring disperse from the nesting site after fledging 
and do not return to help their parents raise future offspring. Considering these 
factors, we might therefore expect that, under poor ecological conditions, females 
might skew the sex ratio of their offspring toward daughters, the smaller and 
presumably cheaper sex in this species. This proposition was tested.   161
5.2 Methods   
 
5.2.1  DNA extraction 
 
All eggs were kept in a commercial incubator for a period of two weeks before being 
placed in a freezer at –20°C. The incubation period allowed the embryo to grow to a 
size that made it more feasible to remove tissue for sex determination. In addition, it 
enabled a determination of the viability of the egg to be made. Once frozen, each egg 
was dissected and a small piece of embryonic tissue removed and stored in 20% salt 
saturated DMSO for preservation. A variety of DNA extraction methods were trialled, 
including chelex, salt and ammonium acetate extraction. Ammonium acetate proved 
the most reliable method for extracting clean DNA from both embryonic tissue and 
blood samples. This method was then applied to the vast majority of samples, and will 
be the method reported here.  
 
5.2.2  DNA extraction method 
 
DNA was extracted from blood or tissue samples using ammonium acetate, according 
to the following method.  
 
To a 1.5ml eppendorf add: 
 
•  50 - 200 µL blood/lysis mix (or tissue sample) 
•  250µL Digsol buffer (pH 8.0) (20mM EDTA, 50mM Tris (pH 8.5), 20mM 
NaCl, 1% SDS) 
•  5µL of 10mg/mL Proteinase K (final of 50µg/sample).    162
 
The sample was then vortexed and digested at 55°C, with agitation, for a minimum of 
4 hours for blood samples and overnight for tissue samples. After digestion, an equal 
volume (i.e. 250µL) of the 4M ammonium acetate solution was added to each sample, 
then vortexed. The sample was then left at room temperature for 15 minutes with 
agitation (or regular vortexing). During this time the proteins and haem precipitate 
out, forming visible crystals. The samples were cooled to room temperature for 10 
minutes to allow more crystals to form. Samples were put on ice to speed up the 
process. Samples were spun at ~14000rpm for 10 minutes to pellet the precipitate. 
The supernatant was then poured into a clean, labelled 1.5mL tube. At least two 
volumes of 100% EtOH were added. If the sample was still very dirty then more 
EtOH was added if possible. The sample was shaken thoroughly (at least 10 seconds) 
to mix. If there was no visible pellet, the samples were placed at –20°C for 1 hour or 
more. The tubes were then spun for 5 minutes at 14000 rpm, which only lightly 
pelleted the DNA. The supernatant was removed using a pipette. 1mL of 70% EtOH 
was added to rinse the pellet, then pipetted straight off. Samples were air-dried for 30 
minutes. 500uL of T10 E0.1 or normal TE and vortex was then added to the samples. 
The DNA sample was dissolved in a 37°C or 65°C water bath. It was ensured that the 
DNA was fully dissolved before quantitation.  
 
DNA was stored in T10 E0.1 (low EDTA TE buffer pH 7.5-8.0) for the short term 
(weeks) at 4°C. For long-term storage, the DNA was held at -20°C. Repetitive freezes 
and thaws were avoided to prevent degradation of the DNA. 
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5.2.3  Molecular sex determination 
 
Sex determination was performed with variations of the method described by Griffiths 
et al. (1998). This involved using the P2 (5’-TCTGCATCGCTAAATCCTTT-3’) and 
P8 (5’-CTCCCAAGGATGAGRAAYTG-3’) primers. The final Polymerase Chain 
Reaction (PCR) conditions were as follows: 50mM KCl; 10mM Tris-HCl (pH 9.0 at 
25°C); 1.5mM MgCl2; 0.1% Triton X-100; 10mM each dNTP; 100ng of each primer 
and 0.15 units of Taq polymerase (Promega). In a variation to the Griffiths et al. 
(1998) method, Bovine Serum Albumen (0.5µL) was also added. Between 50 and 
250ng of genomic DNA was used as a template. PCR was performed in an Applied 
Biosystems thermal cycler. The PCR consisted of an initial denaturing step at 94°C 
for 5 minutes, followed by 30 cycles at 48°C for 45s, 72°C for 45s and 94°C for 30s. 
The reaction was then completed with a final extension at 72°C for 7 minutes. 
Modifications to the PCR from the method described by Griffiths et al. (1998) 
included the initial denaturing step at 94°C for 5 minutes instead of 1 min 30s, and the 
final stage of the PCR at 72°C for 7 minutes to finish the program. PCR products 
were separated by electrophoresis for 55 mins at 80 volts in a 3% Metaphor™ agarose 
gel stained with ethidium bromide (0.01%).  
 
Each gel was run with a 100 base pair standard and a known male and female sample 
as controls. The gel image was projected using a Bio Rad transilluminator. Females, 
being the heterogametic sex, were identified with a double band only 2 or 3 base pairs 
apart. In comparison males are the homogametic sex and expressed a single band with 
both male and female bands between 300 and 400 base pairs in size (Figure 5.1).  
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At least 50 samples of blood and embryonic tissue were randomly chosen each year to 
be repeated, in order to test the accuracy of the sex determination method. Sex 
allocation had a 100% accuracy, with no sample diagnosed as a different sex from the 
initial test. Several samples were initially unable to have their sex determined, but 
were then able to be sexed on the subsequent test. This was most likely due to 
inadequate DNA being extracted in the first attempt. Not all samples were 
successfully tested, with <10% of the total sample failing the testing process. On 
several occasions the PCR reagents were run through without any sample to test for 
contamination; none was ever found.  
 
Before testing of the offspring, a random sample of 10 adult gulls were trapped and 
euthanased. Birds were dissected and their sex established by gonadal inspection. 
Blood, skin and liver tissue were taken from each bird and stored under the same 
conditions described above for the offspring. Sex was determined for each 
individual’s samples using molecular methods and then cross-checked against the 
results from the gonadal inspections. Molecular sex determination proved to be 100% 
accurate for these known sex samples. 
 
5.2.4  Egg viability  
 
An egg was considered inviable if, upon dissection, it was found to be unfertilised, 
rotten or underdeveloped. Unfertilized eggs were clearly due to effects in the natural 
parents, but, rotten or underdeveloped eggs may have resulted from ineffective 
incubation by foster parents or from failures during artificial incubation after clutch 
removal. It was not possible to distinguish inviability due to natural parent effects,   165
from those that may have been caused after laying by foster parents or during artificial 
incubation, but this method did give an indication of egg viability.    166
 
 
 
 
 
 
 
Figure 5.1: 3% agarose gel image stained with ethidium bromide showing 100 base pair 
ladder on the left of the image, with female and male samples. Females are ZW and have two 
bands, whereas males are ZZ and show only one band.   167
5.2.4   Statistical analysis 
 
Factors affecting the sex or viability of the egg were investigated using logistic 
regression with sex and viability as the binary dependent variables. As mentioned in 
Chapter 2, the sex ratio and fertility data that were collected during the three field 
seasons of the study could not be considered independent, because the same pairs 
could potentially lay several clutches each year throughout the life of the study. 
Mixed models within the Egret statistical package, version 2.0.31 (Cytel 1990) were 
therefore used, incorporating nest identity as a random effect to account for 
dependence associated with multiple sampling of the same breeding pairs, to examine 
offspring sex ratios and egg viability during the manipulation experiment. In this 
model, nest identification was specified as a random term, with year, clutch number, 
season (divided into intervals of twenty days) and egg sequence as factors. Initially, 
models contained all explanatory variables and all the two-way interaction terms. A 
final model was then selected by eliminating all non-significant interaction terms      
(p > 0.05), followed by non-significant main effects, until only the significant terms 
remained. The statistics presented refer to the change in deviance or deviance 
difference (which approximates the χ
2 distribution) associated with dropping each 
term from the final model. Only two-way interactions could be included in the Egret 
analysis because of difficulties in the iterative procedures producing a model fit when 
higher order interactions were included. 
 
In logistic regression, parameter estimates are produced for the coefficients associated 
with covariates and factors as they are in ordinary linear regression. However, the 
linear component of the model does not simply predict the value of the dependent 
variable, but rather, predicts the value of the logit transform, a log function of the   168
probabilities associated with the binary dependent variable. The estimated coefficients 
of the linear model are therefore, not simple slopes, but natural logarithms of the odds 
ratio of effects. The odds ratios can be thought of as the ratio of the odds of an event, 
e.g. a female egg, in the presence of an effect, to the odds of that outcome when the 
effect is absent. The odds ratio value is that which would be obtained if all the other 
variables in the linear regression were held constant (Cox and Snell 1989; Sokal and 
Rohlf 1995).    169
5.3  Results 
 
5.3.1  Offspring sex ratio and laying history 
 
As mentioned previously, the sex ratio and fertility data collected during the study 
were unlikely to be independent, as the same breeding pairs laid several clutches of 
eggs over a potential three year period. The general model, using nest identification 
number as the random variable, was highly significant (p < 0.001). This demonstrated 
a relationship between the identification of the parent and the sex ratio of their 
offspring. This relationship was taken into account for further analysis by using 
logistic binomial regression with nest identification as the random factor.  
 
Males predominated in the first and second clutches, whereas the sex ratio changed in 
favour of females for the third and subsequent clutches, but only in 2000 and 2001 
(Figure 5.2). In 2002, the proportion of males and females was closer to equality and, 
unlike the previous two years, there was no increase in the proportion of daughters 
produced in the third and subsequent clutches (Figure 5.2).  
 
There was a significant interaction between year and clutch number (p = 0.04) and 
clutch number alone had a highly significant effect on the proportion of female 
offspring (p < 0.001) (Table 5.1). Increased egg production costs associated with 
laying repeat clutches caused an increase in the proportion of female offspring. There 
was an overall pattern of increase in female offspring from the beginning of the study 
in 2000 to its end in 2002 (p < 0.001) (Figure 5.3). Sex ratio was not affected by the   170
egg sequence (p > 0.05) (Table 5.1). The sexes were distributed randomly between the 
a-, b- and c-eggs.  
 
There was a highly significant relationship between the offspring sex ratio and the 
season (p < 0.001) (Table 5.1). Superficially, there appeared to be a rise in the mean 
proportion of female offspring as the season progressed (Figure 5.4). However, use of 
the odds ratio of female offspring produced by the logistic binomial regression gave 
rise to a different pattern. The odds ratio represents the relative likelihood of 
producing a female chick rather than a male chick, while controlling for the effect of 
increasing clutch number, and therefore represents the true seasonal change in 
offspring sex ratio. After an initial decline, the odds ratio of female offspring 
remained fairly constant for the remainder of the season (Figure 5.5). However, the 
odds ratio at the start of the season has a large confidence interval attached to it 
(Figure 5.5). The apparent increase in female offspring with increasing season, 
evident in Figure 5.4, may thus have been an artefact of the increase in female 
offspring with increasing clutch number. When examining the odds ratio values for 
clutch number, the magnitude of the difference between those clutches that produced 
predominately males (odds ratio = 2.544), and those that produced predominately 
females (odds ratio = 3.526), was greater than the odds ratios produced for different 
seasonal periods (Figure 5.6). Overall, the offspring sex ratio appears to remain fairly 
constant, and roughly equal throughout the season.   171
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Figure 5.2: The mean proportion of female offspring produced over three years in relation to 
the clutch sequence. Bars represent ± 1 S.E. 
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Figure 5.3: The mean proportion of female offspring produced over the three years of the 
study. Bars represent ± 1 S.E.   173
 
 
 
 
 
 
 
Table 5.1: Logistic binomial regression in which nest identification was specified as a 
random term, with year, clutch number and egg sequence as factors in the analysis, and with 
the proportion of female offspring as the dependent variable.  
 
 
 
Effect 
 
Chi square 
 
d.f. 
 
P 
 
Sig. 
 
Year  71.2953 2  <  0.001  *** 
Clutch number  55.6361 2  <  0.001  *** 
Egg sequence  0.7158  1     0.397   
Seasonal period  60.4537 12  <  0.001  *** 
Year*egg sequence  0.6774  2     0.713   
Year*clutch number  9.8261  4     0.043  * 
Clutch number*egg 
sequence  0.5028  2     0.778     174
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Figure 5.4: The relationship between the mean proportion of female offspring and season. 
Season is divided into intervals of twenty days beginning 01 April. Bars represent ± 1 S.E. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: The odds ratio of female offspring with increasing season. Seasonal period is 
divided into intervals of twenty days. Bars represent 95% confidence intervals.
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5.3.2  Egg viability 
 
The binomial logistic regression was repeated using egg viability as the dependent 
variable. Nest identification was again specified as a random term, with year, clutch 
number, season (divided into intervals of twenty days) and egg sequence as factors. 
There was no significant relationship between the egg sequence and egg viability      
(p > 0.05) (Table 5.2). The relationship between egg viability and clutch number was 
highly significant (p < 0.001), as was the relationship between egg viability and year 
(p < 0.001). The interaction between year and clutch number, however, was not 
significant (p = 0.14) (Table 5.2). The result suggests that the number of clutches 
produced affected the proportion of viable eggs, as did the year in which the eggs 
were produced, but that these two factors were unrelated to each other. There was a 
significant difference in viability levels between years and between clutches, with 
viability rates rising from first to second clutches, and then declining in the third 
clutch during 2000. In 2001, there was a clear rise in viability rates with an increase in 
clutch number, whereas in 2002 there was very little difference in viability rates 
across all clutch numbers (Figure 5.6). Examining the change in egg viability with 
year alone, higher viability rates in 2002, compared with the previous two years, are 
evident (Figure 5.7). 
 
Viability rates tended to be lower in first clutches than in second clutches during the 
first two years, but this relationship broke down in 2002, when there was a higher 
number of viable eggs in first clutches (Figure 5.6). This unexpected finding 
prompted investigation into the laying history of the individuals that produced the 
larger than expected number of viable eggs in the first clutch in 2002. Examination of   176
their laying histories showed that individuals that had laid in previous years did not 
have a higher rate of viability in 2002 than birds that were laying for the first time that 
year within the study site (Wald’s χ²1=1.003, p > 0.05) (Figure 5.8). The individuals 
that were laying for the first time in 2002 did however, appear to have lower rates of 
viability in their second and third clutches, when compared with those birds known to 
have laid in previous years.   177
 
 
 
 
 
 
 
Effect 
 
Chi square 
 
d.f. 
 
P 
 
Sig. 
 
Year  161.8851 2 <  0.001  *** 
Clutch number  94.7394 2  <  0.001  *** 
Egg sequence  0.0053  1     0.942   
Seasonal period  145.6635 12 <  0.001 *** 
Year * egg sequence  0.1066  2     0.948   
Year * clutch 
number  6.9365  4     0.139   
Clutch number * egg 
sequence  0.2976  2     0.862   
 
 
Table 5.2: Logistic binomial regression in which nest identification was specified as a 
random term, with year, clutch number and egg sequence as factors in the analysis and with 
the proportion of viable offspring as the dependent variable.    178
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Figure 5.6: The mean proportion of viable eggs produced over the three years of the study 
in relation to the clutch sequence. Bars represent ± 1 S.E. 
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Figure 5.7: The mean proportion of viable eggs produced during each year of the study. Bars 
represent ± 1 S.E.   179
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Figure 5.8: Egg viability for those gulls that had laid in previous years and those birds laying 
for the first time, within the study site, in 2002 (p > 0.05). Bars represent ± 1 S.E.   180
There was a highly significant relationship between egg viability and season             
(p < 0.001) (Table 5.3). Similar to the pattern relating sex ratio and season, there 
appeared to be a pattern of change in egg viability as the season progressed (Figure 
5.9), that differed from the pattern of the viability odds ratio in relation to season 
(Figure 5.10). There appeared to be low viability at the very beginning of the season, 
followed by an extended period of relatively high and stable rates, before a decline 
towards the end of the season, although the eggs represented in the final twenty-day 
period were all viable (Figure 5.9). In comparison, the odds ratio indicated an initial 
sharp decline in viability at the start of the season, followed by a more subtle decline 
in viability as the season progressed (Figure 5.10). Once again, however, the odds 
ratio values at the start of the season have high confidence intervals attached to them 
(Figure 5.8). This apparent discrepancy can once again, be explained by the strong 
relationship between clutch number and egg viability (Figure 5.6). Once this 
relationship with clutch number had been controlled for, by means of the odds ratio, 
the true relationship between season and egg viability could be revealed (Figure 5.10). 
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Figure 5.9: The change in the mean proportion of viable eggs as the season progressed. Years 
2000, 2001 and 2002 were combined. Bars represent ± 1 S.E. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: The relationship between the viability odds ratio and the season, with season 
divided into intervals of twenty days. Bars represent 95% confidence intervals.
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5.4 Discussion 
 
Recent studies have given strong evidence that birds can adjust the sex ratio of their 
offspring in relation to ecological conditions (Ellegren and Sheldon 1997; Komdeur et 
al. 1997; Nager et al. 1999a; Kalmbach et al. 2001). The current study on Silver Gulls 
has demonstrated that they also experience variation in their offspring sex ratio. In the 
first two years of the study (2000 and 2001), male offspring predominated for the first 
and second clutches in the laying sequence, after individuals had been induced to lay 
replacement clutches. However, when induced to lay three or more clutches, the 
offspring sex ratio became female biased, as predicted by Clutton-Brock et al. (1985), 
due to the smaller size of female Silver Gulls compared with the males. This pattern, 
however, did not persist into the third year of the study (2002), in which the offspring 
sex ratio was close to equality, regardless of the number of clutches that had been 
produced.  
 
It was demonstrated in Chapters 3 and 4, that inducing Silver Gulls to lay replacement 
clutches did not result in a measurable decline in maternal condition, but did result in 
a decline in egg size during 2000 and 2001. Maternal condition was actually slightly 
(but non-significantly) higher among those individuals that were able to lay three or 
more replacement clutches. However, there was a clear decline in maternal condition 
with seasonal period, which was significantly related to the seasonal decline in egg 
size. Females in poorer condition lay smaller eggs. The shift in offspring sex ratio 
from a male bias, in the first two clutches, to a female bias in any subsequent clutches, 
was expected, considering the smaller size of the female Silver Gull, and was 
therefore in keeping with the Trivers and Willard hypothesis (1973). However,   183
according to this hypothesis, one would also expect a seasonal shift in the offspring 
sex ratio toward daughters as maternal conditions declined and resources became 
limiting. In fact, this does not occur, with an initial subtle decline in the odds of 
producing a female at the very start of the season, followed by a relatively stable sex 
ratio as the season progressed. It appears that female Silver Gulls, that have been 
induced to lay four or more clutches in total, produce more female offspring than 
male offspring. This shift in the offspring sex ratio does not, however, appear to be 
linked to any detectable variations in maternal condition and therefore seems to 
conflict with the Trivers and Willard (1973) hypothesis. Another species in which sex 
ratio biases do not conform with the Trivers and Willard (ibid.) hypothesis, is the 
Roseate Tern Sterna dougallii (Szczys et al. 2001). The average breeding success of 
female Roseate Terns is lower than that of males, yet there is an overproduction of 
female offspring, even in a-eggs which are inexpensive to raise (Szczys et al. 2001).  
 
An increase in the proportion of female offspring with increasing clutch number was 
not evident during 2002. As the offspring sex ratio appeared to be relatively stable 
throughout the season, it seems unlikely that differing environmental conditions 
experienced in 2002 alone, could be responsible for the equality in sex ratio that was 
evident throughout the clutch sequence. Maintenance of the sex ratio could perhaps be 
due to a predominance of higher quality individuals laying greater clutch numbers 
while lower quality gulls, that might be more likely to produce female offspring, 
simply did not relay during 2002. Good maternal condition, in this case, does not 
appear to be indicative of ‘high quality’ individuals. High quality has also been 
associated with experienced breeders (Mills 1979), but a study involving known age 
individuals would be required to test this for the Silver Gull.   184
 
Earlier work on boreal bird species has involved individuals laying indeterminately 
and producing many more eggs than a normal clutch size (Nager et al. 1999a; 
Kalmbach et al. 2001). It is clear that this experimental protocol causes a large degree 
of stress to the laying female, subsequently resulting in a loss of maternal condition 
and a shift in the offspring sex ratio toward females (Nager et al. 1999a; Kalmbach et 
al. 2001). Even the production of one or a few eggs additional to the normal clutch 
size can cause a reduction in maternal condition (Monaghan et al. 1998; Nager et al. 
2000). In the Yellow-legged Gull, offspring sex ratio was biased toward males when 
the maternal condition was high, measured by female plasma cholesterol (Alonso-
Alvarez and Velando 2003). Silver Gulls will not replace lost individual eggs in an 
indeterminate manner. Instead, a replacement clutch is produced about 14 days later, 
reducing the impact of extra egg production on the laying female.  
 
The offspring sex ratio changes that occurred for Silver Gulls were independent of the 
egg sequence, with a-, b- or c-eggs no more likely to result in one sex than the other. 
This is in direct contrast to previous research involving sexually dimorphic species, in 
which the larger sex dominated in the earlier eggs of the laying sequence and then 
shifted toward females at the end of the laying sequence (Meathrel and Ryder 1987b; 
Nager et al. 1999a; Kalmbach et al. 2001; Genovart et al. 2003). In gulls, the last-
hatched chicks are more vulnerable under poor conditions (Parsons 1975) and this 
trend is more severe in male offspring (Griffiths 1992; Nager et al. 2000). All of these 
studies involved species in which three eggs is the normal clutch size, and in which 
the third egg is often reduced in size from the previous two. Silver Gulls lay a modal 
clutch of two eggs of very similar size with a high chance of survival, perhaps   185
explaining why no sex ratio variation was evident in the egg sequence. With the 
inclusion of more three-egg clutches a trend toward females in the third egg may have 
become evident. 
 
Nager et al. (1999a) found a significant decline in the proportion of male offspring 
throughout the laying sequence. The authors (loc. cit.), however, did not include the 
laying date as a factor in their analysis and therefore could not rule out the possibility 
of a seasonal interaction in the offspring sex ratio. Kalmbach et al. (2001) did include 
the laying date as a factor in their analysis of offspring sex ratio in relation to the 
laying sequence in the Great Skua, but found no significant effect. There are many 
other studies that have shown that adaptive sex-ratio manipulation of offspring occurs 
in the predicted direction in response to the timing of breeding (Dijkstra et al. 1990; 
Smallwood and Smallwood 1998;  but see Heg et al. 2000; Cordero et al. 2001; 
Griggio et al. 2002; Velando et al. 2002; Verboven et al. 2002; Thuman et al. 2003). 
A recent study on Audouin’s Gull, demonstrated that offspring sex ratio shifted from 
predominantly females early in the season, to males in the middle and then females 
again late in the season, but only in second and third chicks (Genovart et al. 2003). 
The sex ratio of first chicks remained predominantly male throughout the season 
(Genovart et al. 2003). Another study involving European Shags (Velando et al. 
2002), also showed that offspring sex ratio variation in response to laying date was 
affected by the egg sequence. Early broods were primarily male biased, whereas late 
broods were female biased and this was attributed to manipulation of the first-laid egg 
(Velando et al. 2002). It would appear that, while shifts in offspring sex ratio may be 
targeted toward certain eggs within the laying sequence, this varies between species.  
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Sex ratio biases may be the consequence of rearing conditions that differentially affect 
the survival of male and female offspring (Clutton-Brock et al. 1985), or of biases in 
the production of the two sexes (Genovart et al. 2003). In a study on House Wrens 
Troglodytes aedon (Janota et al. 2002), a sexually size-monomorphic species, males 
in good condition had a higher reproductive value than females. It was predicted that 
as conditions decline toward the end of the season, the offspring sex ratio should have 
become more female biased. However, Janota et al. (2002) found no variation in 
offspring condition, and subsequently no change in the offspring sex ratio toward 
females. The authors (loc. cit.) concluded that the results were consistent with the 
Trivers and Willard (1973) hypothesis, because when the wrens were able to produce 
chicks of good quality the sex ratio was significantly male biased. In contrast, Silver 
Gulls bias the production of the two sexes at the egg stage, although the proximate 
mechanisms creating the bias remain unknown. It remains to be seen in Chapter 6 if 
there is differential mortality between male and female offspring.  
 
Egg viability for the Silver Gull varied between years and was affected, to a minor 
extent, by the previous reproductive output of the parents. Viability was higher in 
2000, the year in which laying began earlier in the season, and which experienced a 
pre-laying rainfall event and higher rainfall throughout the year, as compared with 
2001 and 2002. The year in which egg viability was the lowest overall, was 2001, the 
year in which laying started latest and also received the lowest rainfall. There was a 
slight increase in egg viability in 2002, associated with an earlier start to laying than 
the previous year. The results appear to suggest that viability was influenced by 
environmental conditions experienced prior to laying, and throughout the year, at least 
in terms of available fresh water. If fresh water availability influences female   187
condition, then years of low rainfall, or late rainfall, may result in fitness 
consequences for the Silver Gull.  
 
Earlier work on the Silver Gull demonstrated that, overall, about 11% of eggs failed to 
develop due to infertility or development failures (Meathrel 1991). This figure is 
slightly lower than the current study, as might be expected, because the gulls in 
Meathrel’s (1991) study were not being forced to lay replacement clutches. There was 
also significant variation in egg viability between years during the earlier study, with 
17% of eggs failing to develop in one year (Meathrel 1991), bringing the rate of 
failure closer to the current study. The incidence of infertility in the domestic chicken 
is 10% (Romanoff 1972), while Drent (1970) reported that 14% of Herring Gull eggs 
failed to hatch due to infertility or because embryonic development failed at an early 
age. Nager et al. (2000) found that hatching success, a combination of egg fertility, 
embryo development and incubation effort, did not differ between groups of Lesser 
Black-backed Gulls that had laid a normal clutch size and those that had laid an 
enlarged clutch. Egg addling was found to be the major form of egg mortality in 
Lesser Black-backed Gulls (11%) (Griffiths 1992). In the Seychelles Warbler, neither 
the territory quality, nor the year, affected the hatching rate, which varied between 65 
and 75% (Komdeur et al. 1995). The lower rate of success in the Seychelles Warbler 
may be because the hatching rate, which could be affected by incubation effort, was 
examined rather than egg fertility or development success. Other causes of hatching 
failure may include predation, damage to the eggs or nest desertion.  
 
If younger, less experienced breeding pairs with a reduced chance of reproductive 
success were laying at the very start of the season, as demonstrated by Wooller and   188
Dunlop (1979), then it would be expected that fertility might also be lower in these 
clutches. However, this was not the case, with first-laid clutches containing fewer 
fertile eggs than second clutches during the first two years of the study. This trend did 
not continue, however, into the third year, when first-laid clutches contained the 
highest proportion of fertile eggs. The odds ratio indicated that egg viability declined 
subtly toward the end of the season, as would be expected, with a decline in available 
resources at this time. 
 
Variation in the offspring sex ratio at the egg production stage, with replacement 
laying, indicates that strategies are in place to cope with the increased reproductive 
effort. Chapter 6 will now explore the possibility of offspring sex ratio biases that 
could as a consequence of the differential mortality of the sexes.    189
CHAPTER 6 – IMPACT OF EGG PRODUCTION COSTS ON CHICKS 
 
6.1 Introduction 
 
From the previous chapters we now know that increased reproductive effort in Silver 
Gulls causes only a minor impact at the egg production stage. There is no change in 
the size or number of eggs produced by birds that have laid on previous occasions, but 
there is a trend toward a longer re-laying interval with subsequent replacement 
clutches and slightly smaller eggs in the first three clutches. Egg sizes and relaying 
intervals are affected by the year in which they are laid and there is a decline in egg 
size, as well as an increase in laying intervals for birds laying later in the breeding 
season. When forced to lay multiple replacements, there is also a significant change in 
the offspring sex ratio toward females, the smaller sex in this species. Egg fertility 
rates vary between breeding years, but do not appear to be affected by the number of 
clutches that the birds have produced.  
 
This chapter will examine the impact of increased egg production costs upon chicks, 
by incorporating the sex of the chick and the laying history of the parents in the 
analysis. Initially I will assess the hatching success of Silver Gull eggs. This will 
highlight any declines in egg quality that may have been incurred as a consequence of 
increased egg production by the natural parents. Following this, I will examine the 
growth patterns of Silver Gull chicks, and measure the effect of increased egg 
production costs, in both natural and foster parents, upon chick growth. Finally, the 
potential influence of previous laying history on chick mortality will be measured. In 
all cases, any seasonal changes in reproductive ability will be highlighted.    190
 
There is substantial evidence to support the notion that laying eggs and raising chicks 
is an expensive process (Houston et al. 1983; Monaghan et al. 1995; Monaghan and 
Nager 1997; Heaney et al. 1998; Monaghan et al. 1998; Nager et al. 1999b; 
Stevenson and Wilson 2001). In addition, in most species that are sexually size-
dimorphic in size, offspring of the larger sex not only grow faster, but are usually 
more expensive to rear (for review see Daunt et al. 2001). Increased reproductive 
effort may impact on subsequent chicks by a reduction in hatching success, declines 
in growth, survival and fledging rates. In addition, these impacts may affect male and 
female offspring differently due to sexual size-dimorphism.  
 
6.1.1  Hatching success 
 
It is now widely recognised that the production of eggs is a demanding process in 
many bird species, and that the availability of nutrients may act as a limiting factor 
(Monaghan et al. 1995). In highlighting the importance of including the egg-
production phase when measuring reproductive costs in birds, Monaghan et al. (1995) 
were able to test the prediction that constraints on the egg production capacity of 
female Lesser Black-backed Gulls may limit the number of young that can be 
produced. When birds were induced to lay a fourth egg, the viability of chicks from 
additional eggs was greatly reduced, whereas the hatching success was unaffected. 
Monaghan and others (1995) concluded from this study that reduced chick survival 
was largely a consequence of a reduction in hatchling mass, rather than the declining 
parental condition demonstrated in previous studies on the Lesser Black-backed Gulls 
(Houston et al. 1983; Bolton et al. 1993).    191
 
The additional eggs from the experiment, although of the same size as last-laid eggs 
in control clutches, were of apparently poorer quality and had a significantly 
decreased probability of giving rise to a viable chick (Monaghan et al. 1995). 
Hatchling mass, in part, reflects the amount of yolk reserves in the egg that are 
resorbed into the gut of the developed embryo shortly before hatching. These may 
determine survival of the chick during the first few days of life (Monaghan et al. 
1995). Thus, while the hatching rate of the eggs was not reduced, it was possible that 
the eggs produced later in the laying sequence were of a poorer quality, giving rise to 
weaker chicks during the first few days after hatching. The authors (loc. cit.) 
recognized that egg proteins are derived in part from female muscle proteins, and that 
egg protein quality may decline as female body reserves are depleted (Houston et al., 
1983), but did not measure this during the study.   
 
Another aspect of egg production that has the potential to impact on reproductive 
ability is the incubation phase. In a study on Common Terns, breeding pairs were 
given an extra egg to incubate, increasing the clutch size from two to three eggs. 
Despite this increase in incubation effort, there was no difference in the hatching rate 
between experimentally manipulated birds and the control group (Heaney and 
Monaghan 1996). It appears that any subsequent decline in egg or chick quality could 
not be attributed to any deficiencies at the incubation stage alone in the Common 
Terns. 
 
Nager et al. (1999a) conducted a study on the Lesser Black-backed Gull, a species in 
which male chicks are larger on average than females, grow more quickly and have a   192
higher post-hatching mortality in some years (Griffiths 1992). Maternal condition was 
experimentally manipulated by continuous egg removal, a method known to reduce 
maternal condition (Monaghan et al. 1998), and then by supplementary feeding, 
which improves both maternal condition and egg quality (Bolton et al. 1993). All of 
the eggs that were removed were cross fostered with control parents to isolate the 
effects of maternal condition at the time of laying from any subsequent brood rearing 
capacity (Nager et al. 1999a). The study found that hatching success significantly 
declined with position in the laying sequence, but did not differ between the 
supplemented and unsupplemented groups; there was no evidence of male biased 
mortality at hatching (Nager et al. 1999a). A similar experiment was conducted in 
2000, again using the Lesser Black-backed Gull (Nager et al. 2000). This time 
however, the female was induced to lay only one extra egg. Once again, no difference 
was found in the hatching success of eggs from experimental nests and those from 
control nests.  
 
6.1.2  Growth rates 
 
Increasing incubation costs in the Common Tern had a significant impact on the 
growth rate of the offspring (Heaney and Monaghan 1996). When clutch size was 
increased to three eggs there was a significant decline in the mean instantaneous 
growth rate of body mass and the mean fledging mass in second-hatched chicks from 
experimental groups relative to controls. A pattern of decline was observed in the 
first-hatched chicks, but this was not significant (Heaney and Monaghan 1996). These 
results are consistent with a decline in maternal condition caused by the increased 
incubation effort and mediated through a reduction in parental provisioning. This was   193
more obvious in the second-hatched chicks as they were likely to be suffering from 
hatching asynchrony, creating a competitive asymmetry in which younger chicks are 
more likely to starve when food is scarce (Lack 1954). The decline in second-hatched 
chicks would be likely to cause a reduction in their survival to fledging, but was not 
examined in this study. 
 
The study conducted by Nager et al. (2000) also examined the effect of maternal 
condition on chick growth rates and survival. The authors found that fledging weights 
rather than skeletal size of male, but not female, offspring differed between the 
experimental and control nests, with heavier males being from the control group 
(Nager et al. 2000). Female chick condition appeared to be unaffected by the 
condition of the parents. Under normal conditions male Lesser Black-backed Gull 
chicks grow more quickly than the females in terms of weight and head size (Griffiths 
1992).  
 
Daunt et al. (2001) examined differential growth rates in another sexually dimorphic 
seabird, the Shag Phalacrocorax aristotelis. In this species, males are once again 
larger than the females and previous investigation has shown that young pairs breed 
later in the season, lay smaller eggs and fledge fewer young than older, more 
experienced pairs (Daunt et al. 1999). Male chicks grew faster than females and 
attained a higher peak mass when parental condition was not taken into account 
(Daunt et al. 2001). Male chicks from younger parents grew more slowly and reached 
lower peak masses than male chicks reared by older parents, whereas female chicks 
showed no difference in growth rate or peak mass in relation to parental age (Daunt et 
al. 2001). In addition, there was no difference between the male and female chicks in   194
growth and peak mass when raised by young parents, but there was a significant 
difference when they were raised by older parents (Daunt et al. 2001). Parental age 
and experience, in this case, is similar to maternal condition, because both factors 
have the potential to affect how well the offspring are cared for. 
 
As previously discussed in Chapter 3 Section 3.1, a study conducted on Common 
Terns demonstrated that high rates of chick growth, were significantly correlated with 
good female condition (Wendeln and Becker 1999). High quality individuals had a 
higher overall condition; however, maternal condition in this species was unrelated to 
the age of the bird (Wendeln and Becker 1999). 
 
6.1.3  Fledging and survival rates 
 
While male chicks of many species grow more quickly and attain higher peak masses, 
they are also in some cases more vulnerable to starvation. Under normal conditions, 
male Lesser-black Backed Gull chicks showed a significantly lower survival rate 
between hatching and fledging (25.8%) than female chicks (36.5%) (Griffiths 1992). 
Nager et al. (2000) found that when maternal condition was reduced by continuous 
laying, male chicks raised in all-male broods were the most vulnerable to the poor 
rearing conditions. Neither parental condition, nor brood sex composition, appeared to 
affect the survival of female chicks.  
 
In an experimental situation, where Lesser Black-backed Gulls parental condition had 
been depressed in all groups because of an extremely poor season, hatching order 
heavily influenced the survival or male and female offspring. Bradbury and Griffiths 
(1999) found a highly significant interaction between sex and hatching order, in   195
which male chicks survived longer than females if they were from the first or second 
egg. In contrast, females survived longer than males when hatched from the third egg 
in the laying sequence. This is consistent with results from the Nager et al. (2000) 
study in that, under poor conditions, male chicks do not perform as well as female 
chicks. When hatching early in the laying sequence, males can overcome the 
impediment of a poor season and out-compete their sisters, but when hatching late in 
the sequence they perform worse than their sisters.  
 
Following the results of previous chapters concerning the impact of increased egg 
production upon eggs, in terms of their size, clutch size and sex ratio, the question 
arises as to how chick growth and survival are affected by increased reproductive 
effort. These will be explored throughout this chapter.   196
6.2 Methods 
 
6.2.1  Hatching success 
 
The fate of the experimental egg, or a-egg, involved in a clutch exchange, was tracked 
throughout the incubation period and recorded as a success if it hatched and a failure 
if it failed to hatch for any reason. Failures included eggs that were predated, went 
rotten, were discarded by the foster parents or became stuck in the shell and died 
during hatching. The hatching success of the b-egg was not included in the analysis 
because it was removed and replaced with a dummy egg during the clutch exchange 
process. B-eggs were subsequently dissected for sex determination without being 
allowed to hatch. Only the years 2001 and 2002 were included in the analysis; in 
2000, as no egg exchanges occurred with no eggs allowed to hatch.  
 
It was not possible to distinguish between the impact of the foster parents and the 
natural parents during the incubation period. When an egg fails to hatch, it may be 
because it was infertile or poorly provisioned by the natural parent. Alternatively, the 
foster parent may not incubate the egg effectively, resulting in a hatch failure or 
removal of the egg by a predator. As a consequence, rather than confound natural and 
foster parent history, all analysis concerned with hatching success used only those 
cases in which foster parents reproducing for the first time that season (controls), 
incubated the egg. The analysis, therefore, could only test for differences in egg 
quality, in terms of hatching success, induced by the natural parent’s laying history. 
Any failure in incubation effort due to the foster parents could not be isolated, thus the 
result of the analysis is only an indicator of hatching success, rather than a true value.   
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Logistic regression within the SPSS (version 11.5) statistical package was used to test 
for the effect of previous laying history of the natural parent on hatching success. 
Year, seasonal period and original nest number were also introduced as factors into 
the analysis. 
 
6.2.2  Growth rates 
 
Initial examination of the growth rates of Silver Gull chicks revealed non-linear 
patterns for body size variables, in particular wing length. Subsequently, all data were 
log transformed for analysis. Initial analysis of growth rates involved all measures of 
growth taken from hatching to a theoretical fledging point; age 30 days, at which time 
chicks were usually able to escape from the fenced areas. Using non-linear regression, 
logistic growth curves were fitted to the data for male and female chicks for each year 
and for each growth parameter.  
 
Further analysis involved estimating growth rates by regressing log-transformed 
measures of body size, including weight, head-beak length, tarsus length and wing 
length on age of the chick up to 25 days, on the assumption that growth before that 
age could be treated as exponential rather than asymptotic. This method involved a 
larger sample size than the non-linear regression and therefore had greater statistical 
power. Age was presented as the number of days since hatching. Where the date of 
hatching was not known, an estimation was made using a middle point between the 
last date when the egg was seen intact and the first date a chick was observed. 
Seasonal changes in the chick growth rates could not be examined by the ten-day 
variable, because the sample size was too low for each interval. Therefore, seasonal 
variation was examined by including the hatching period variable as a factor in the   198
analysis. Hatching period was calculated by dividing the entire hatching period, from 
start to finish date, into thirds representing early, middle and late periods.  
 
Initially, an instantaneous growth rate was estimated for each chick that had at been 
measured on at least five occasions. The growth rate was estimated by regressing the 
log variable on age, and testing the estimated slope on the growth rate. The slope 
values were then used as the dependent variable in a MANOVA. Multivariate 
Analysis of Variance was performed simultaneously on all four growth rates for the 
restricted number of chicks where growth rates could be calculated. However, each 
slope estimate had an error attached to it, which the MANOVA could not take into 
account and hence the power of this analysis was greatly reduced. Since this approach 
led to a substantial exclusion of the data, the alternate approach of ANCOVA where 
age was included as a covariate was used.  
 
The inclusion of laying histories of both natural and foster parents allowed 
examination of how egg production costs were partitioned. This is either into the 
quality of the egg and subsequent growth of the chick, or upon the condition of the 
adult and its ability to provision the chick. The effect of the laying history of the 
parents on the growth of the chicks was examined, firstly, using multivariate analysis 
of variance. Once statistical significance had been established, further univariate tests 
were performed using an ANCOVA within the SPSS statistical package. Log-
transformed chick body measurements were included as dependent variables, age as a 
covariate and parental laying history and year as fixed factors.  
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The effect of parental laying histories on chick growth was examined, initially, by 
grouping together all treatment combinations that involved the natural parents having 
laid only one clutch (control), but where the foster parents raising those chicks may 
have produced one, two or three replacement clutches in addition to their original 
clutch. The remaining natural parent relaying history groups, where one, two, or three 
(or more) replacement clutches had been produced, and then exchanged with foster 
parents had laid only one clutch (controls), were then identified (Table 6.1). The same 
grouping method applied for foster parent laying histories, whereby, foster parents 
that had laid only one clutch, may have received eggs from natural parents that had 
produced between one clutch or three replacement clutches. By grouping treatments 
in this way, the eggs produced by control natural parents, and raised by control foster 
parents, were included in the same treatment category as those eggs produced by 
control natural parents but raised, for example, by foster parents that had been 
induced to lay up to three additional clutches. This grouping method created large 
sample sizes but did not truly isolate the least impacted treatment group, that is, eggs 
from control natural parents, exchanged with eggs from control foster parents. 
 
In order to create a pure control treatment group, further analysis was completed in 
which only pure control exchanges (i.e. an egg from a control natural parent 
exchanged with an egg from a control foster parent) were included in the control 
group. Those nests in which a control natural egg was exchanged with foster eggs 
from parents with varying laying histories, were excluded from the natural parent 
control group. Similarly, control foster nests only received eggs from control natural 
parents. Sample sizes and statistical power was reduced as a consequence, but the 
effect of increased reproductive effort could be more easily examined. Natural or   200
foster parents that had laid two or three replacement clutches were grouped together 
to boost sample sizes (Table 6.2).  
 
Male and female chicks were also examined separately, using multivariate statistics 
within the control groups only, to highlight any differences between the sexes, 
without the confounding effects of parental laying history which was unbalanced with 
regard to sex of the chick. These results were then further analysed for univariate 
significance using ANCOVA.   201
 
 
 
 
Natural parent laying history   
Control  
(birds have laid 
one clutch only) 
One 
replacement 
clutch laid 
Two 
replacement 
clutches laid 
Three or more 
replacement 
clutches laid 
Control  
(birds have laid 
one clutch only) 
 
9 
 
9 
 
9 
 
9 
One 
replacement 
clutch laid 
 
9 
 
X 
 
X 
 
X 
Two 
replacement 
clutches laid 
 
9 
 
X 
 
X 
 
X 
Foster 
parent 
laying 
history 
Three or more 
replacement 
clutches laid 
 
9 
 
X 
 
X 
 
X 
 
 
Table 6.1: Laying histories of the natural and foster parents with groupings of these histories 
for analysis (9 = exchange occurred, X = no exchange). The highlighted area shows the first 
method of grouping laying histories. 
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Natural parent laying history   
Control  
(birds have laid one 
clutch only) 
One replacement 
clutch laid 
Two or more 
replacement clutches 
laid 
Control  
(birds have laid one 
clutch only) 
 
9 
Group 0 - control 
 
9 
Group 1 
 
9 
Group 2 
One replacement 
clutch laid 
 
9 
 
X 
 
X 
Foster parent 
laying history 
Two or more 
replacement 
clutches laid 
 
9 
 
X 
 
X 
 
 
Table 6.2: Laying histories of natural and foster parents with groupings of the laying histories 
for analysis (9 = exchange occurred, X = no exchange). The highlighted area shows the 
second method of grouping laying histories.   203
6.2.3  Chick fate  
 
Chick fate was divided into three categories, namely chicks known to have died        
(a body was found), those that disappeared (either escaped fences or were predated) 
and those that left fenced areas alive (released during the study). The effect of the 
laying history of either natural or foster parents upon the age of the chick at last 
measurement was examined. A complete measure of the chick’s survival was not 
practicable because there were sometimes gaps in chick measurements of up to five 
days when the island became inaccessible during poor weather; in this interval the 
chicks may have escaped or died, and the body been removed. The date of last 
measurement was therefore, used as an indicator of chick survival. 
 
The number of chicks surviving for a specific time within the growth period was also 
examined in terms of parental laying history. Differential survivorship, if detected, 
would highlight deficiency either in the quality of the chick or in parental ability to 
provision the chick. 
 
Survivorship was also measured by looking at the proportion of chicks that died 
within the first week of life (and how this changed throughout the season), as well as 
the proportion that survived for more than twenty days before escaping from the 
fenced areas. Fledging success could not be examined during this study because, 
when a chick disappeared from the fenced nest area, it could not be determined if it 
had escaped and later fledged, or had been predated and the body not found. 
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6.3 Results 
 
6.3.1  Hatching success 
 
A logistic regression was performed using hatching rate as the dependent variable, 
with year, original nest number and seasonal period divided into ten-day intervals as 
covariates. As mentioned in Section 6.2.1, only those cases in which control foster 
parents incubated the eggs produced by manipulated natural parents, were included 
for years 2001 and 2002. By excluding all of those cases that were raised by foster 
parents that had laid more than one clutch, the potential effects of repeat laying on the 
foster parents’ ability to incubate their eggs was controlled. Hatching success was 
unaffected by the year in which the eggs were laid, with no significant difference 
between 2001 and 2002 (Wald’s χ²1 = 0.208, n.s.). There was also no evidence of any 
decline in hatching success as the season progressed (Wald’s χ²1 = 1.838, n.s.), nor 
was there an effect caused by the individual nest identification (Wald’s χ²1 = 0.068, 
n.s.). There was no relationship between the identity of the natural parents and the 
hatching success of their eggs.  
 
Hatching success appeared to be very similar across all natural parent laying histories, 
regardless of the year in which the eggs were produced (Figure 6.1). The only 
difference in hatching rate was between 2001 and 2002 for natural parents that had 
been made to lay one replacement clutch; these had a higher hatching rate in 2002. To 
determine the effect of previous laying history on hatching success, a logistic 
regression was performed separately for each year using hatching rate as the 
dependent variable and natural parent laying history as a covariate. Regardless of the 
number of clutches laid previously by the natural parent, the hatching rates remained   205
unaffected for both 2001 (Wald’s χ²2 = 0.056, n.s.) and 2002 (Wald’s χ²3 = 2.588, 
n.s.).   206
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Figure 6.1: Hatching rates for all natural parent laying histories during both 2001 and 2002. 
Bars represent ± one standard error. Natural parent laying history refers to the number of 
previous clutches of the parents, with the value 3 indicating three clutches or greater.    207
6.3.2  Growth rates 
 
The age-related growth of both male and female Silver Gull chicks from manipulated 
and un-manipulated nests (combined), demonstrates how the rates for different body 
components varied (Figure 6.2 a-d). Among the body dimensions measured, head and 
beak length, tarsus length and gonys depth demonstrated the fastest initial rates of 
growth and approach asymptotes. Chick weight did not increase as quickly for the 
first ten days as either the tarsus, gonys or head-beak length. The slowest growing 
body part for Silver Gull chicks was, initially, the wings, with increases in length not 
occurring until after ten days. This growth pattern is consistent with a logistic growth 
curve.  
   208
 
 
 
 
Figure 6.2: Growth curves for Silver Gull chicks in relation to age, measured as  
days since hatching. Body dimensions measured were; 
 
a)  Weight 
b)  Head and beak length 
c)  Tarsus length 
d)  Wing length 
e)  Gonys depth 
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Silver Gull chicks were usually able to escape from the fenced nest enclosures by 
about day 30, so that sample sizes were dramatically reduced past this point. Day 30 
represents a theoretical ‘fledging’ point for the purposes of this study. It was possible 
to see from the initial data that male chicks appeared to reach a larger size and weight 
by fledging than females, and that both male and female fledglings appeared larger in 
2002. Using non-linear regression, logistic growth curves were fitted to the data, both 
for each year, and for male and female chicks. Individual asymptotes (Ai) and growth 
rates (Ki) were fitted for each year, and for each sex. Each model was repeated with 
with a common A and a common K separately for each growth variable. But for all 
growth variables, there was no significant reduction in the explained variance between 
multiple parameter models and those using the common parameters. This may well 
have been due to the fact that only a very limited number of chicks were measured for 
a sufficient length of time for the logistic model to establish the asymptotic value. 
Therefore, due to the low sample sizes in the later age categories and the sample being 
affected by chicks that stayed in the nest enclosures longer than 30 days, there 
appeared to be no significant difference in the true asymptotic weight or body size for 
male or female chicks in different years. 
 
To examine the impact of increased egg production on the growth of the chicks, the 
parental laying histories were grouped, for this stage of the analysis, in accordance 
with the first method described in Table 6.1. That is, all of those chicks that were 
produced by control natural parents, and then raised by foster parents with varying 
laying histories, from controls through to heavily manipulated, were grouped together. 
As previously established, grouping in this way allows for larger sample sizes and 
hence greater statistical power, but does not identify the pure control group, that is   212
control natural parent eggs exchanged with control foster parent eggs. The second 
grouping method, involving the pure controls (refer back to Table 6.2) will be applied 
later in Chapter 6. 
 
As mentioned in Section 6.2.2, to test the influence of parental laying history on chick 
growth, a MANCOVA was performed using combined log-transformed body 
measurements of chicks as dependent variables, age as a covariate and year, hatching 
period and parental laying history as fixed factors. The hatching period, divided into 
early, middle and late periods during the season, was introduced at this point to 
account for seasonal variation in growth rates. This analysis assumes that growth can 
be treated as an exponential function and hence, growth data were truncated at 25 
days before the asymptotic effects predominated in the growth curves. The impact of 
the fixed factors on chick growth rate was tested by the interaction terms, between the 
fixed factors and age. A significant interaction term indicated that the regression slope 
of the dependent variable on age (i.e. growth rate) differed between levels of the 
factor.  
 
The impact that interactions between parental laying history, year, offspring sex, 
hatching period and age had upon chick growth achieved multivariate significance 
with p < 0.05 (Table 6.3). This shows that, overall, the year and period within the 
season in which the chick hatched, its sex and the laying history of the natural and 
foster parents all contributed to its growth rate.    213
 
 
Effect 
 
 
Wilk’s 
Lambda
F 
 
Hypothesis 
d.f. 
Error 
d.f. 
P 
 
Year  0.996 0.420  5  474  0.835 
Offspring sex  0.998 0.223  5  474  0.953 
Natural parent history  0.958 2.033  10  948      0.027* 
Foster parent history  0.930  3.496  10  948        0.000***
Nest number  0.037  5.311  420  2372.3        0.000***
Hatching period  0.991 0.440  10  948  0.927 
Natural parent history * age  0.927  2.425  15  1308.9      0.002** 
Foster parent history * age  0.944 1.844  15  1308.9     0.025* 
Year * age  0.989 1.065  5  474  0.379 
Offspring sex* age  0.997 0.309  5  474  0.908 
Hatching period* age  0.971 1.392  10  948  0.179 
Year* offspring sex* age  0.994 0.583  5  474  0.713 
Year* natural parent history * 
age  0.990 0.942  5  474  0.453 
Year* foster parent history* age  0.985 0.728  10  948  0.699 
Year* hatching period* age  0.975 1.217  10  948  0.275 
Offspring sex* hatching period* 
age  0.972 1.343  10  948  0.203 
Natural parent history * hatching 
period* age  0.909  4.635  10  948        0.000***
Foster parent history* hatching 
period* age  0.915  2.131  20  1573      0.003** 
Year* offspring sex* hatching 
period * age  0.962 1.835  10  948  0.051 
Year* offspring sex* natural 
parent history * age  0.921  2.651  15  1308.9      0.001** 
Year* offspring sex* Foster 
parent history * age  0.905  3.221  15  1308.9        0.000***
Year* Offspring sex* natural 
parent history * hatching period* 
age  0.935  2.161  15  1308.9      0.006** 
Year* offspring sex* foster parent 
history * hatching period* age  0.955 2.187  10  948      0.017* 
  
 
Table 6.3: Multivariate analysis of covariance for the effect of both natural and foster parent 
laying history, year and offspring sex upon chick growth. Note that the experimental design 
precludes the examination of an interaction between natural and foster parent laying histories.    214
Having achieved multivariate significance, the individual, log-transformed, chick 
body measurements were then tested for univariate significance once again, using age 
as a covariate and chick sex, year, hatching period and parental laying history as fixed 
factors. Growth data was again truncated at 25 days before the asymptote of growth 
was attained and the impact of the fixed factors on chick growth was measured by the 
differences between the regression slopes of the dependent variables on age. 
 
The results of the analysis showed that several variables significantly affected 
changes in chick growth with increasing age. Table 6.4 shows that there was an effect 
of individual bird identification on chick weight, with nest number significantly 
affecting changes in log-transformed chick weight over time (p = 0.000). Nest number 
was included to identify effects due to the same parents laying repeatedly. However, 
because of the design it was impossible to include nest number by age interaction 
terms in the analysis. Thus, although nest number absorbed individual effects, it did 
so by extracting overall variation in size i.e. by testing whether chicks were 
consistently larger or smaller. Nest number was not included in any further 
interactions within the analysis, but was taken into account as a random factor.  
 
Neither the foster parent history, nor the natural parent history by age interactions for 
log-chick weight were significant (p > 0.05), showing that, in isolation, the previous 
laying history did not affect changes in chick weight (Table 6.4). The two-way 
interaction between offspring sex and age was not significant (p > 0.05), indicating 
that growth patterns in isolation did not differ between male and female chicks. Of the 
three-way interactions, only year by hatching period by age was significant               
(p = 0.040). Both the natural (p = 0.002) and foster (p = 0.007) parent histories had a   215
significant impact on the growth of chicks, when measured by changes in weight over 
time when year and offspring sex were taken into account; the greatest impact came 
from the natural parents. Neither of the five-way interactions involving natural or 
foster parent laying histories were significant (p > 0.05). These results show that the 
laying history of both the natural and the foster parents impact on the growth of the 
chicks, but that this impact varies according to the sex of the chick and the year in 
which the chick was raised. The period during the season in which the chicks hatched 
had no impact on the changes in chick weight over time (p > 0.05). Increases in chick 
weight represent changes in both their skeletal size and their overall condition. 
Further analysis therefore examined individual changes in skeletal size.   216
 
 
 
 
 
Table 6.4: ANCOVA using log weight as a dependent variable and age as a covariate. 
 
Source 
 
d.f. 
 
F-value
 
P 
 
Year  1 0.222  0.638 
Offspring sex  1 0.436  0.510 
Natural parent history  2 0.334  0.716 
Foster parent history  2 1.234  0.292 
Nest number  84  3.087       0.000*** 
Hatching period  2 0.542  0.582 
Natural parent history * age  3 0.855  0.464 
Foster parent history * age  3 0.963  0.410 
Year * age  1 1.704  0.192 
Offspring sex * age  1 0.204  0.652 
Hatching period* age 2  0.880  0.416 
Year * offspring sex * age  1 0.932  0.335 
Year * natural parent history * age  1 0.275  0.600 
Year * foster parent history * age  2 0.238  0.788 
Year * hatching period* age 2  3.241      0.040* 
Offspring sex * hatching period* age 2  1.703  0.183 
Natural parent history * hatching period* age 2 2.541  0.080 
Foster parent history * hatching period* age 4  1.612  0.170 
Year * offspring sex * hatching period 
* age 2  1.308  0.271 
Year * offspring sex * natural parent history * 
age  3 4.894       0.002** 
Year * offspring sex * foster parent history * 
age  3 4.085       0.007** 
Year * offspring sex * natural parent history  
* hatching period* age  3 2.304  0.076 
Year * offspring sex * foster parent history 
 * hatching period* age 2  0.002  0.998 
Error  478      217
 
 
 
 
 
 
Table 6.5: ANCOVA with log head and beak length as the dependent variable and age as a 
covariate. 
 
Source 
 
d.f. 
 
F-value
 
P 
 
Year  1 0.001  0.981 
Offspring sex  1 0.097  0.755 
Natural parent history  2 0.626  0.535 
Foster parent history  2 0.740  0.478 
Nest number  84  4.042       0.000*** 
Hatching period  2 1.138  0.321 
Natural parent history * age  3 2.059  0.105 
Foster parent history * age  3 0.711  0.546 
Year * age  1 4.038      0.045* 
Offspring sex * age  1 0.268  0.605 
Hatching period* age 2  1.541  0.215 
Year * offspring sex * age  1 0.602  0.438 
Year * natural parent history * age  1 0.061  0.805 
Year * foster parent history * age  2 0.502  0.606 
Year * hatching period* age 2  3.486  0.031 
Offspring sex * hatching period* age 2  3.252      0.040* 
Natural parent history * hatching period* age 2 0.828  0.438 
Foster parent history * hatching period* age 4  1.630  0.165 
Year * offspring sex * hatching period 
* age 2  4.327      0.014* 
Year * offspring sex * natural parent history * 
age  3 4.303       0.005** 
Year * offspring sex * foster parent history * 
age  3 4.485       0.004** 
Year * offspring sex * natural parent history  
* hatching period* age  3 2.092  0.100 
Year * offspring sex * foster parent history 
 * hatching period* age 2  0.590  0.555 
Error  478      218
Table 6.5 shows the results of an ANCOVA in which log-transformed head and beak 
length formed the dependent variable. Once again there was a highly significant 
relationship between the identity of the parents and the growth of their chick             
(p = 0.000), measured by head and beak length. Neither the natural parent (p > 0.05), 
nor the foster parent history (p > 0.05) showed any significant effect on the growth of 
the head and beak. The year by age interaction was only just significant (p = 0.045) 
while the remaining two-way interactions were not (Table 6.5). Of the three-way 
interactions only offspring sex by hatching period by age was significant (p = 0.040). 
All of the four-way interactions were significant, however, when combined into five-
way interactions the significance was lost. This demonstrated that, the head and beak 
length in male and female chicks grew at different rates according to the year, the 
seasonal period and the laying history of the parents. However, there was no 
interaction between the laying history of the parents and the hatching period. This 
demonstrates, once again, that the number of previous clutches laid by the foster 
parents and the natural parents, together with the sex of the chick, significantly impact 
on the growth of the head and beak length, a measure of skeletal size. The impact of 
the parental laying history was unaffected by the timing of hatching.  
 
Similar to the previous measures of growth in the chicks, nest number and the identity 
of the parents also significantly (p = 0.000) influenced the growth of the tarsus over 
time (Table 6.6), and once again was included as a random factor in further analysis. 
There was no significant difference between years (p = 0.166) or between hatching 
periods (p = 0.084) when simply examining log-transformed growth of the tarsus, 
indicating that neither the seasonal effects in the different hatching periods, nor the 
year in which the chick hatched, alone affected the growth of the tarsus. Once again,   219
neither the natural (p > 0.05), nor the foster parent (p > 0.05) history by age 
interactions significantly influenced the growth of the tarsus. The offspring sex by age 
interaction was also non-significant (p > 0.05). Of the three-way interactions, only 
year by hatching period by age was significant (p = 0.013) confirming that there is 
variation in the growth of the tarsus between years and between hatching periods. 
However, when offspring sex was included into a four-way interaction with year and 
hatching period the significance was lost (p > 0.05). The four way interactions 
involving year, offspring sex and parental laying history were significant (p < 0.05 in 
both cases), showing that laying history and sex of the offspring influence the rate of 
growth in the tarsus. Finally, only the five-way interaction involving the natural 
parent history significantly affected tarsus growth (p = 0.08), indicating a complex 
interaction between the year, hatching period, offspring sex and laying history. The 
same relationship did not exist for the foster parents.    220
 
 
 
 
 
Table 6.6: ANCOVA with log tarsus as the dependent variable and age as a covariate. 
 
 
Source 
 
d.f. 
 
F-value
 
P 
 
Year  1  0.271  0.603 
Offspring sex  1  0.482  0.488 
Natural parent history  2  0.599  0.550 
Foster parent history  2  1.454  0.235 
Nest number  84  5.344       0.000*** 
Hatching period  2  0.522  0.594 
Natural parent history * age  3  2.113  0.098 
Foster parent history * age  3  1.447  0.228 
Year * age  1  1.926  0.166 
Offspring sex * age  1  0.090  0.764 
Hatching period* age 2  2.493  0.084 
Year * offspring sex * age  1  1.529  0.217 
Year * natural parent history * age  1  0.004  0.948 
Year * foster parent history * age  2  0.536  0.585 
Year * hatching period* age 2  4.386    0.013* 
Offspring sex * hatching period* age 2  2.519  0.082 
Natural parent history * hatching period* age 2 1.807  0.165 
Foster parent history * hatching period* age 4  1.889  0.111 
Year * offspring sex * hatching period 
* age 2  1.840  0.160 
Year * offspring sex * natural parent history * 
age  3  4.972      0.002** 
Year * offspring sex * foster parent history * 
age  3  5.890      0.001** 
Year * offspring sex * natural parent history  
* hatching period* age 3  3.978      0.008** 
Year * offspring sex * foster parent history 
 * hatching period* age 2  0.112  0.894 
Error  478      221
 
 
 
 
 
Table 6.7: ANCOVA with log wing length as the dependent variable and age as a covariate. 
 
 
Source 
 
d.f. 
 
F-value
 
P 
 
Year  1 0.009  0.926 
Offspring sex  1 0.000  0.983 
Natural parent history  2 0.099  0.906 
Foster parent history  2 0.106  0.899 
Nest number  84  5.391        0.000*** 
Hatching period  2 0.525  0.592 
Natural parent history * age  3 0.451  0.717 
Foster parent history * age  3 0.742  0.527 
Year * age  1 0.026  0.873 
Offspring sex * age  1 0.038  0.845 
Hatching period* age 2  0.694  0.500 
Year * offspring sex * age  1 0.806  0.370 
Year * natural parent history * age  1 0.040  0.842 
Year * foster parent history * age  2 0.429  0.652 
Year * hatching period* age 2  1.185  0.307 
Offspring sex * hatching period* age 2  0.215  0.807 
Natural parent history * hatching period* age 2 0.291  0.748 
Foster parent history * hatching period* age 4  0.438  0.782 
Year * offspring sex * hatching period 
* age 2  1.516  0.221 
Year * offspring sex * natural parent history * 
age  3 1.575  0.195 
Year * offspring sex * foster parent history * 
age  3 1.695  0.167 
Year * offspring sex * natural parent history  
* hatching period* age  3 2.976      0.031* 
Year * offspring sex * foster parent history 
 * hatching period* age 2  1.138  0.321 
Error  478      222
Table 6.7 shows the results from an ANCOVA using log-transformed chick wing 
length as the dependent variable. The relationship between nest number and growth of 
the wing was highly significant (p = 0.000), in keeping with the previous results from 
other measures of growth. Growth of the wing proved to be far less sensitive to the 
effects of year, hatching period, offspring sex and parental laying history than any of 
the other measures of growth. In fact, only the five-way interaction between year, 
offspring sex, natural parent history and hatching period had any affect on the growth 
of the wing (p = 0.031). There was no significant affect from the foster parent laying 
history on wing growth at any level (p > 0.05). This suggests that the rate of wing 
growth differed little, if at all, between male and female offspring, and was affected 
only to a minor extent by costs incurred by the natural parents at the egg production 
stage. 
 
The final growth parameter to be examined was log-transformed gonys depth (Table 
6.8). The significant relationship between nest number and growth was maintained 
with gonys depth (p = 0.000). Gonys depth was the only measurement that showed a 
significant impact of parental laying history alone (p < 0.05 for both natural and foster 
parents). Of the two-way interactions, only natural parent history by age was 
significant (p < 0.001). The three-way interactions involving hatching period and 
natural parent history (p < 0.001) and foster parent history (p < 0.001) were both 
highly significant, whereas the remaining three-way interactions were not significant. 
The four-way interactions involving year, offspring sex and laying history were both 
highly significant (p < 0.001), indicating a strong relationship between year, parental 
laying history and offspring sex for gonys growth. The interaction between year, 
offspring sex and hatching period was not significant (p > 0.05), however, when   223
combined with laying history in a five-way interaction, the relationship became 
significant, for both natural (p = 0.001) and foster parent (p = 0.018) laying history. 
Gonys growth in the Silver Gull is heavily influenced by the laying histories of both 
the natural and foster parents, the year and period with the season in which the chick 
hatched and the sex of the chick.    224
 
 
 
 
 
Table 6.8: ANCOVA with log gonys depth as the dependent variable and age as a covariate. 
 
 
Source 
 
d.f. 
 
F-value
 
P 
 
Year  1 0.7363  0.391 
Offspring sex  1 0.1404  0.708 
Natural parent history  2 3.8181      0.023* 
Foster parent history  2 7.3276       0.001** 
Nest number  84  13.1352      0.000*** 
Hatching period  2 0.2996  0.741 
Natural parent history * age  3  9.9588       0.000*** 
Foster parent history * age  3 1.8315  0.141 
Year * age  1 0.3265  0.568 
Offspring sex * age  1 0.4042  0.525 
Hatching period* age 2  0.1525  0.859 
Year * offspring sex * age  1 1.7336  0.189 
Year * natural parent history * age  1 1.5929  0.208 
Year * foster parent history * age  2 1.2171  0.297 
Year * hatching period* age 2  2.6337  0.073 
Offspring sex * hatching period* age 2  0.2155  0.806 
Natural parent history * hatching period* age  2  15.5134      0.000*** 
Foster parent history * hatching period* age  4  7.5067       0.000*** 
Year * offspring sex * hatching period 
* age 2  0.1215  0.886 
Year * offspring sex * natural parent history * 
age  3  9.1624       0.000*** 
Year * offspring sex * foster parent history * 
age  3  11.8627      0.000*** 
Year * offspring sex * natural parent history  
* hatching period* age  3 5.9208       0.001** 
Year * offspring sex * foster parent history 
 * hatching period* age 2  4.0689        0.018** 
Error  478      225
6.3.2.1 Grouped laying histories 
 
It became apparent from the preceding analysis that to be better able to determine the 
true effect upon chick growth of the different laying histories, offspring sex, year and 
seasonal effects, there would need to be a true control group (i.e. both natural and 
foster parents were first time layers) for comparison. Therefore, parental laying 
history was redefined at this point to ensure that pure control exchanges were 
identified (refer back to Table 6.2). The laying histories now included the following 
groups; controls (group 0), where neither the natural, nor the foster parents had not 
been made to relay, parents that had re-laid once (group 1), and parents that had re-
laid two or more times (group 2). Because each nest was both a natural parent (laid a 
clutch), and a foster parent (received a clutch), after the egg exchanges had occurred, 
the laying history categories could be applied to either the natural or foster parents. 
Subsequently there were no nests in the first year that involved a control nest 
exchanged with another control nest, that is the zero category, as this method was not 
introduced until the second year. Grouping treatments in this way separated chicks 
produced by relaying natural parents from those chicks raised by relaying foster 
parents, thus allowing comparisons of performance between the natural and foster 
groups because they represent different sets of chicks. This did not apply to the 
control group, however, as it contained the same chicks for both the natural and foster 
parents. 
 
Initial analysis involved MANOVA on the estimated instantaneous growth rates using 
the grouped laying histories, offspring sex and year as fixed factors. This test revealed 
a significant impact of offspring sex on the growth rate for chicks raised by 
manipulated foster parents only with no effect evident for manipulated natural parents   226
(Table 6.9). However, as mentioned in Section 6.2.2 this method resulted in a loss of 
statistical power so the remaining analysis was complete using the alternate approach 
of ANCOVA with age as a covariate. 
 
The MANCOVA from the previous section (6.3.2) was then repeated on the chick 
growth variables using the grouped laying histories, offspring sex, original nest 
number and hatching period as factors. Original nest number could not be included in 
any of the interactions due to a loss of degrees of freedom. The preceding analysis 
revealed that there was very little variation between years in terms of chick growth. 
The inclusion of hatching period, may have reduced many of the year effects to non-
significance, due to the greater influence of hatching period on chick growth. The 
inclusion of both year and hatching period in the following analysis was not possible, 
due to a loss of degrees of freedom, therefore, year was removed as a factor. Even 
with the removal of year, the main effects could not be estimated by the model, due to 
a lack of degrees of freedom. The main effects were of little importance in examining 
growth, because the terms of interest were those interacting with age, therefore, the 
main effects will not be reported. Multivariate significance was achieved universally 
across all interactions between laying history (natural and foster), offspring sex, 
hatching period and age, for log-transformed measures of weight, head and beak 
length, tarsus, wing length and gonys depth (Table 6.10).    227
 
 
 
 
Effect 
 
Wilks' 
Lambda 
F 
 
Hypothesis 
d.f. 
Error 
d.f. 
P 
 
 
Natural Parent History 
 
Year  0.896 1.194  4  41  0.328 
Offspring sex   0.831 2.085  4  41  0.100 
Natural parent history  0.739 1.677  8  82  0.116 
Year * offspring sex   0.955 0.482  4  41  0.748 
Year* natural parent 
history   0.981 0.195  4  41  0.940 
Year * offspring sex * 
natural parent history   0.695 1.336  12  108.8  0.209 
 
Foster Parent History 
 
Year  0.915 1.025  4  44  0.405 
Offspring sex   0.769  3.296  4  44    0.019* 
Foster parent history  0.927 0.422  8  88  0.905 
Year * offspring sex   0.963 0.419  4  44  0.794 
Year * foster parent history  0.970 0.339  4  44  0.850 
Year * offspring sex * 
foster parent history   0.760 1.064  12  116.7  0.396 
 
 
Table 6.9: Multivariate analysis of variance using instantaneous growth rate as the dependent 
variable, parental laying history, year, and offspring sex as factors.   228
 
 
Effect 
 
Wilks' 
Lambda 
F 
 
Hypothesis 
d.f. 
Error 
d.f. 
P 
 
 
Natural Parent History 
 
Natural parent history * age  0.827  6.353  10  636      0.000*** 
Offspring sex * age  0.787  17.171 5  318      0.000*** 
Hatching period * age  0.865  4.764  10  636      0.000*** 
Offspring sex * hatching 
period* age  0.951 3.265  5  318      0.007** 
Offspring sex * natural 
parent history * age  0.822  6.558  10  636      0.000*** 
Natural parent history * 
hatching period* age  0.861  4.924  10  636      0.000*** 
Offspring sex * natural 
parent history * hatching 
period * age  0.916 2.853  10  636      0.002** 
 
Foster Parent History 
 
Foster parent history * age  0.868  5.008  10  684       0.000*** 
Offspring sex * age  0.887  8.753  5  342      0.000*** 
Hatching period * age  0.917  3.025  10  684     0.001** 
Offspring sex * hatching 
period* age  0.925  2.703  10  684     0.003** 
Offspring sex * foster 
parent history * age  0.906  3.469  10  684      0.000*** 
Foster parent history * 
hatching period* age  0.858  2.690  20  1135.2      0.000*** 
Offspring sex * foster 
parent history * hatching 
period * age  0.863  3.463  15  944.5      0.000*** 
 
 
Table 6.10: Multivariate analysis of covariance using log-transformed measures of growth 
(weight, head and beak length, tarsus length, wing length and gonys depth), with age as a 
covariate and parental laying history, year, hatching period and offspring sex as factors.   229
Having achieved multivariate significance, individual analyses of covariance were 
then performed for the foster parent laying history, separate from the natural parent 
laying history, for each log-transformed growth variable, with age as a covariate.  
 
Employing the new laying history categories drew out the differences between natural 
and foster parent laying histories. Natural parent laying history alone had no effect on 
chick growth, in terms of weight (p > 0.05) (Table 6.11). Foster parent laying history 
also had no significant impact on chick weight (p > 0.05). The sex of the offspring 
had a highly significant impact upon chick weight (p < 0.001). The ANCOVA 
showed that temporal changes in chick weight were significantly influenced by the 
sex of the chick and the natural parent laying history (p = 0.001), while the effect of 
the foster parent history only approached significance (p = 0.054) (Table 6.11). The 
number of clutches produced by the natural parents, the sex of the offspring and the 
period during the season in which the chick hatched influenced the growth of the 
chick, measured by changes in weight (p = 0.048). The same cannot be said for the 
foster parents, in which there was no effect from their laying history, offspring sex or 
hatching period on changes in chick weight over time (p > 0.05). This is similar to the 
result achieved using the previous laying history categories (see Table 6.4), in which a 
significant impact upon chick weight of offspring sex and parental laying history 
together with age, on chick weight was detected, with the effect concentrated in the 
natural parents. By using the grouped laying history categories, the effect of hatching 
period on chick growth, in terms of their weight, was revealed.   
   230
 
 
Source 
 
d.f. 
 
F 
 
P 
 
 
Natural Parent History 
 
Natural parent history * age  2     1.680  0.188 
Offspring sex * age  1  12.731       0.000*** 
Hatching period * age  2     0.935  0.394 
Offspring sex * hatching period* age  1     0.030  0.863 
Offspring sex * natural parent history 
* age  2    6.833      0.001** 
Natural parent history * hatching 
period* age  2     1.788  0.169 
Offspring sex * natural parent history 
* hatching period * age  2    3.068    0.048* 
Error  322    
 
Foster Parent History 
 
Foster parent history * age  2     1.681  0.188 
Offspring sex * age  1  15.041        0.000*** 
Hatching period * age  2     1.369  0.256 
Offspring sex * hatching period* age  2     2.960  0.053 
Offspring sex * foster parent history * 
age  2     2.945  0.054 
Foster parent history * hatching 
period* age  4     0.221  0.927 
Offspring sex * foster parent history * 
hatching period * age  3     1.446  0.229 
Error  346    
 
 
Table 6.11: ANCOVA for log weight as the dependent variable and age as a covariate, with 
controls isolated.   231
 
 
Source 
 
d.f. 
 
F 
 
P 
 
 
Natural Parent History 
 
Natural parent history * age  2     2.957  0.053 
Offspring sex * age  1  22.000       0.000*** 
Hatching period * age  2     2.197  0.113 
Offspring sex * hatching period* age  1     0.000  0.984 
Offspring sex * natural parent history 
* age  2    7.335      0.001** 
Natural parent history * hatching 
period* age  2     2.019  0.134 
Offspring sex * natural parent history 
* hatching period * age  2    3.734    0.025* 
Error  322    
 
Foster Parent History 
 
Foster parent history * age  2     2.216  0.111 
Offspring sex * age  1  18.814        0.000*** 
Hatching period * age  2     0.516  0.597 
Offspring sex * hatching period* age  2     1.339  0.263 
Offspring sex * foster parent history * 
age  2     1.839  0.161 
Foster parent history * hatching 
period* age  4     0.359  0.838 
Offspring sex * foster parent history * 
hatching period * age  3     1.420  0.237 
Error  346    
 
 
Table 6.12: ANCOVA for log head and beak length as the dependent variable and age as a 
covariate, with controls isolated.   232
The analysis of log head and beak length with respect to natural parent history only, 
showed a highly significant impact from the sex of the chick on growth (p < 0.001 
Table 6.12). For foster parents, the sex of the offspring also had a highly significant 
impact on chick growth (p < 0.001). Similar to the trends seen in chick weight, the 
effect of laying replacement clutches appeared to be concentrated in the natural 
parents, rather than the foster parents, when examining growth of the head and beak. 
The effect of natural parent history upon growth of the head and beak was 
approaching significance (p = 0.053), and when combined in a three-way interaction 
with offspring sex, the result was highly significant (p< 0.01). Overall, there was also 
a significant interaction between natural parent history, offspring sex, and hatching 
period (p = 0.025). There was no relationship between the foster parent history and 
growth of the head and beak (p > 0.05 for all interactions). 
 
Natural parent laying history had a significant effect on the growth of the chick’s 
tarsus (p = 0.025, Table 6.13). The sex of the offspring had a highly significant impact 
on the growth of the tarsus (p < 0.001) and, overall, there was a highly significant 
interaction between natural parent history and offspring sex (p < 0.001). There was 
also a significant relationship between the hatching period and growth of the tarsus   
(p = 0.004), which then carried forward into the four-way interaction between 
offspring sex, natural parent history, hatching period and age (p = 0.006). When 
considering foster parent history there was no impact of the laying history alone on 
tarsus growth, while there was a significant interaction between foster parent history 
and offspring sex (p = 0.012). Overall, there was an interaction between foster parent 
history, offspring sex, hatching period and age (p = 0.027). While the laying history 
of the foster parents does impact on the growth of the tarsus, the effect is not as strong 
as that caused by replacement laying in the natural parents.  233
 
 
 
Source 
 
d.f. 
 
F 
 
P 
 
 
Natural Parent History 
 
Natural parent history * age  2    3.748    0.025* 
Offspring sex * age  1  38.297        0.000*** 
Hatching period * age  2    5.638      0.004** 
Offspring sex * hatching period* age  1     0.123  0.726 
Offspring sex * natural parent history 
* age  2  10.643        0.000*** 
Natural parent history * hatching 
period* age  2     1.537  0.217 
Offspring sex * natural parent history 
* hatching period * age  2    5.167      0.006** 
Error  322    
 
Foster Parent History 
 
Foster parent history * age  2     1.227  0.295 
Offspring sex * age  1  20.242        0.000*** 
Hatching period * age  2     2.077  0.127 
Offspring sex * hatching period* age  2    5.089      0.007** 
Offspring sex * foster parent history * 
age  2    4.521    0.012* 
Foster parent history * hatching 
period* age  4     0.630  0.642 
Offspring sex * foster parent history * 
hatching period * age  3    3.094    0.027* 
Error  346    
 
 
Table 6.13: ANCOVA for log tarsus length as the dependent variable and age as a covariate, 
with controls isolated.   234
 
 
Source 
 
d.f. 
 
F 
 
P 
 
 
Natural Parent History 
 
Natural parent history * age  2    4.341    0.014* 
Offspring sex * age  1    4.720    0.031* 
Hatching period * age  2    6.124      0.002** 
Offspring sex * hatching period* age  1     0.081  0.776 
Offspring sex * natural parent history 
* age  2  12.375        0.000*** 
Natural parent history * hatching 
period* age  2     0.869  0.420 
Offspring sex * natural parent history 
* hatching period * age  2     2.428  0.090 
Error  322    
 
Foster Parent History 
 
Foster parent history * age  2     2.153  0.118 
Offspring sex * age  1     0.005  0.946 
Hatching period * age  2    6.752      0.001** 
Offspring sex * hatching period* age  2     1.349  0.261 
Offspring sex * foster parent history * 
age  2     1.011  0.365 
Foster parent history * hatching 
period* age  4    2.755    0.028* 
Offspring sex * foster parent history * 
hatching period * age  3     1.090  0.353 
Error  346    
 
 
Table 6.14: ANCOVA for log wing length as the dependent variable and age as a covariate, 
with controls isolated.   235
The growth of the wing was affected by the natural parents laying history (p = 0.014), 
the offspring sex (p = 0.031), and the hatching period (p = 0.02), although none of 
these relationships were highly significant (Table 6.14). Natural parent history 
significantly affected wing growth when combined with offspring sex (p < 0.001), but 
the four-way interaction with hatching period was not significant (p > 0.05). Foster 
parent history affected the growth of the chick’s wings, but this was dependent on the 
period during which the chick was hatched (p = 0.028). Once again, the effect of 
laying history on chick growth was greater in the natural parents, than the foster 
parents.   
 
Examination of gonys growth revealed univariate significance almost universally for 
all factors within the analysis for both natural and foster parents (Table 6.15). All of 
the interactions between the natural parent history, offspring sex, hatching period and 
age were significant. Growth of the gonys was significantly affected by, the number 
of clutches produced by the parents, the sex of the offspring and the hatching period 
(p < 0.001). The interactions between foster parent history, offspring sex, hatching 
period and age were also highly significant (p < 0.001). Growth of the gonys appeared 
to be more heavily influenced by laying history, offspring sex and hatching period 
than any of the other chick size variables.  
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Source 
 
d.f. 
 
F 
 
P 
 
 
Natural Parent History 
 
Natural parent history * age  2  26.109        0.000*** 
Offspring sex * age  1  67.012        0.000*** 
Hatching period * age  2    5.370      0.005** 
Offspring sex * hatching period* age  1  10.950      0.001** 
Offspring sex * natural parent history 
* age  2  17.465        0.000*** 
Natural parent history * hatching 
period* age  2  14.787        0.000*** 
Offspring sex * natural parent history 
* hatching period * age  2    7.031      0.001** 
Error  322    
 
Foster Parent History 
 
Foster parent history * age  2  14.817        0.000*** 
Offspring sex * age  1  40.036        0.000*** 
Hatching period * age  2    5.000      0.007** 
Offspring sex * hatching period* age  2     2.563  0.079 
Offspring sex * foster parent history * 
age  2    9.434        0.000*** 
Foster parent history * hatching 
period* age  4    2.589    0.037* 
Offspring sex * foster parent history * 
hatching period * age  3    7.025        0.000*** 
Error  346    
 
 
Table 6.15: ANCOVA for log gonys depth as the dependent variable and age as a covariate, 
with controls isolated.   237
While the analysis has shown that there was a significant impact of the interaction 
between parental laying history, year, hatching period and sex of the offspring upon 
the chick’s growth, it does not indicate how these factors affect growth. Chick growth 
for each of the log-transformed growth variables was plotted against age for each of 
the parental laying histories (0, 1 and 2). This was done separately for both natural 
and foster parents, male and female chicks, and for each year of the study (Figures 6.3 
– 6.7 for males and Figures 6.8 – 6.12 for females). The figures are grouped to allow 
comparison between natural and foster parents of chick growth for each sex, since 
they were known to exhibit different rates of growth and final asymptotes. As 
mentioned earlier in this Section, comparisons of performance between chicks from 
natural and foster parents were possible because they represented different sets of 
chicks. It must be borne in mind, however, that the control chicks represented in the 
natural parent growth scatters were the same individuals as the control chicks 
represented in the foster parent growth scatters.  
 
Figures 6.3 – 6.7 a) and b) only show the rate of growth for male chicks according to 
the laying history of the natural parents, for both 2001 and 2002. The most obvious 
outcome is that there was not a great difference in growth rates for the different 
growth variables between chicks from parents that had been made to lay two or more 
replacement clutches (group 2) compared with those that have only laid one 
replacement clutch (group 1).  
 
Comparison of the growth rates of male chicks from manipulated natural and foster 
parents (Figures 6.3 – 6.7 a – d) revealed, that little variation could be attributed to the 
source of the manipulation. That is, the number of clutches previously laid by the   238
parents, appeared to affect chick growth more greatly, than whether it was the foster 
or the natural parent that had been induced to re-lay. Across all growth parameters, in 
2001, the groups that grew the most rapidly were the chicks from either natural or 
foster parents that had been made to re-lay at least twice (group 2). The second fastest 
growth was recorded by chicks from natural parents that had re-laid once (group 1), 
followed by those chicks raised by foster parents that had been made to re-lay once 
(group 1). As mentioned previously, there were no group 0 chicks in 2001. 
 
In 2002, the fastest growth was evident in male chicks produced or raised by parents 
from group 2, or produced by parents from group 0, using the skeletal measures of 
head and beak length (Figure 6.4 b), tarsus length (Figure 6.5 b), wing length (Figure 
6.6 b) and gonys depth Figure 6.7 b). These were then followed by chicks raised by 
foster parents that had re-laid once or twice, with chicks produced by natural parents 
from group 1 growing the most slowly. Chick growth, as measured by changes in 
weight, was very similar for the control group and those produced or raised by parents 
from group 2. Once again, the chicks from either natural or foster parents of group 1 
grew most slowly. 
 
In terms of differences between years, male chicks produced by natural parents from 
group 2 appeared to grow at the same rate, or slightly faster, in 2002, in which laying 
started earlier, than during 2001 for all growth variables. Conversely, male chicks of 
natural parents from group 1 appeared to grow more slowly in 2002. Interestingly, 
chicks raised by foster parents from group 2, grew more slowly in 2002, whereas 
chicks raised by foster parents from group 1 either grew at a similar rate in 2002 and 
2001, or grew slightly faster in 2002.   239
 
 
 
 
 
Figure 6.3: The relationship between age and log-transformed body weight  
for male chicks with different parental laying histories, in 2001 and 2002.  
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.4: The relationship between age and log-transformed head and beak length 
for male chicks with different parental laying histories, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.5: The relationship between age and log-transformed tarsus length  
for male chicks with different parental laying histories, in 2001 and 2002.  
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.6: The relationship between age and log-transformed wing length  
for male chicks with different parental laying histories, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.7: The relationship between age and log-transformed gonys depth for male  
chicks with different parental laying histories over two years, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Overall, female chicks appeared to be less affected by the year and the laying history 
of their natural and foster parents, than the male chicks (Figure 6.8 – 6.12, a - d). 
Female chicks produced by natural parents from group 1 consistently grew faster, 
using all growth variables except head and beak length, than chicks produced by 
natural parents from group 2, in 2001. The fastest growth in 2002 was achieved by 
chicks produced by the pure control group, followed by either group 1 or group 2, 
with very little difference between them. Female chicks appeared to grow faster in 
2002, the year with an earlier start to laying, than in 2001.  
 
Female chicks raised by manipulated foster parents exhibited a different pattern to 
those females raised by manipulated natural parents, in terms of the chicks with the 
best performance. The difference in growth between the two laying history groups 
was very minor and, for each measure of growth, chicks from group 2 appeared to 
grow more quickly than those from group 1 in 2001 (Figures 6.8 – 6.12 c only). This 
is in contrast to the natural parent effects that resulted in group 1 female chicks 
growing faster, using most growth parameters (6.8 a – 6.12a). Female chicks appeared 
to grow faster in 2002 than in 2001, and once again, chicks from all three laying 
history groups had very similar growth rates, which is consistent with the natural 
parent effects. In most cases, the control group (group 0) or the chicks from group 1 
grew fastest (Figures 6.8 a & b – 6.12 a & b).  
 
In examining the effects of both the natural and foster parent manipulation on chick 
growth, it becomes evident how similar the rates of growth were between chicks with 
either re-laying natural or foster parents in both 2001 and 2002. The main effects were 
seen in the growth of the tarsus and the gonys (figures 6.10 and 6.12). In 2001, the   250
fastest tarsus growth was evident in chicks raised by group 1 foster parents, followed 
by group 2 foster parents and group 1 natural parents, with very little difference 
between them. Chicks produced by group 2 natural parents had the slowest rate of 
growth for the tarsus in 2001. In 2002, the chicks raised and produced in control nests 
had the fastest tarsus growth, along with chicks raised in foster nests from group 1. A 
slower rate of growth was recorded in chicks from group 2 natural and foster parents, 
and group 1 natural parents. 
 
Growth of the gonys during 2001 was fastest for the chicks produced by natural 
parents from group 1, followed by chicks raised by foster parents from group 2, then 
foster parents from group 1, with the slowest growth evidenced by chicks produced by 
natural parents that had been made to re-lay twice (Figure 6.12 a & c). This is 
consistent with the result for the growth of the tarsus, which also showed that chicks 
produced by natural parents with the highest reproductive output had the slowest 
growth.  
 
Growth rates for female chicks in 2002 were very similar across all growth variables, 
with the control chicks outperforming the other groups for most measures (Figures 6.8 
– 6.12 b & d). The only exception was growth of the tarsus for which chicks raised by 
foster parents from group 1 in 2002 did equally as well as the control chicks. As 2001 
appeared to be a less favourable breeding season than 2002, it is not surprising that 
the effect of parental laying history was more evident in the first year.     251
 
 
 
 
 
Figure 6.8: The relationship between age and log-transformed weight for female  
chicks with different parental laying histories over two years, in 2001 and 2002.  
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.9: The relationship between age and log-transformed head and beak length  
for female chicks with different parental laying histories, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.10: The relationship between age and log-transformed tarsus length for  
female chicks with different parental laying histories, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.11: The relationship between age and log-transformed wing length for  
female chicks with different parental laying histories, in 2001 and 2002. 
 
a)  Year 2001 manipulated natural parents, control foster parents 
b)  Year 2002 manipulated natural parents, control foster parents 
c)  Year 2001 manipulated foster parents, control natural parents 
d)  Year 2002 manipulated foster parents, control natural parents 
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Figure 6.12: The relationship between age and log-transformed gonys depth for  
female chicks with different parental laying histories, in 2001 and 2002. 
 
e)  Year 2001 manipulated natural parents, control foster parents 
f)  Year 2002 manipulated natural parents, control foster parents 
g)  Year 2001 manipulated foster parents, control natural parents 
h)  Year 2002 manipulated foster parents, control natural parents   260
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6.3.2.2 Seasonal effects on growth rates 
 
The analysis of covariance revealed that the period during the season in which chicks 
hatched affected their growth rates. To determine how chick growth rates varied 
between early, middle and late in the hatching period, separate male and female 
scatter plots were produced in which the log transformed growth variables, weight, 
head and beak length, tarsus length, wing length and gonys depth were plotted against 
age. Initially, only those chicks from control natural parents, that were raised by 
control foster parents, were included in the scatter plots to control for effects arising 
from the parental laying histories. While control female chicks clearly grew faster 
from the last hatching period, the scatter plots also revealed that there was only one 
male chick that was produced and raised by control parents, that hatched during the 
middle period, while none hatched during the late period. Male offspring were still 
being produced by control parents late in the season. However, because the sex of the 
egg was not known until after the chick hatched, it was not possible to ensure equal 
numbers of male and female chicks in all experimental treatments. Such low sample 
sizes meant that comparisons of growth rate could not be made between those male 
chicks that were produced by control natural parents and raised by control foster 
parents during the three different hatching periods, therefore these scatter plots were 
not presented. Therefore, in order to compare the growth rates of male and female 
chicks produced during the early, middle and late hatching periods, all chicks, 
regardless of the laying history of their natural and foster parents, were pooled 
together (Figure 6.13 a - h).  
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There was very little difference in the chick growth rates, for male or female, between 
the early, middle and late hatching periods. The fastest growth for both male and 
female chicks, and for all measures of growth, was achieved by chicks that hatching 
during the late period. As mentioned above, there were no male chicks from the pure 
control group (group 0) hatched during this time, thus the fast rate of growth observed 
must be attributed to male chicks that were from natural and/or foster parents that had 
laid replacement clutches. Female chicks showed very little difference in growth rate 
between those chicks hatched in the early and middle hatching periods. However, 
female chicks that hatched late in the season clearly grew more quickly than those 
hatched earlier in the season. The late hatching group, for females, was well 
represented by female chicks from all of the experimental treatment groups and, 
therefore, the fast growth can be attributed to both season and laying history effects. 
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Figure 6.13: The relationship between age and log-transformed growth variables for  
male and female chicks produced in different hatching periods, in 2001 and 2002. 
 
a)  Weight change in male chicks 
b)  Weight change in female chicks 
c)  Head and beak growth in male chicks 
d)  Head and beak growth in female chicks 
e)  Tarsus growth in male chicks 
f)  Tarsus growth in female chicks 
g)  Wing growth in male chicks 
h)  Wing growth female chicks 
i)  Gonys growth in male chicks 
j)  Gonys growth in female chicks   264
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6.3.2.3 Male and female chicks 
 
It also became clear from the analysis of covariance and the chick growth scatter-plots 
that a relationship exists between the sex of the offspring and its growth rate. 
However, it was not clear how the basic growth curves of male and female chicks 
differed between years without the influence of parental laying history. Combining all 
laying categories and simply plotting the growth curves for male and female chicks 
for each of the measured body parameters over both years, allowed this relationship to 
be more easily examined (Figures 6.14 a-d).  
 
For most measures of growth, it appeared that the male chicks grew more quickly 
than the females, with the difference between the sexes being greater in 2001 (Figure 
6.14 a & c), a poor breeding season. Both males and females grew more quickly, and 
appeared to be both skeletally larger (Figure 6.14 a-b) and heavier (Figure 6.14 c-d), 
in 2002 than in 2001. These relationships were tested for significance by completing 
ANCOVAs for each body measurement (log-transformed) using year, offspring sex 
and nest number as variables and with age as a covariate. As can be seen in Table 
6.16, the offspring sex by age interaction was significant for weight, head and beak 
length, tarsus and gonys, whereas wing length was not significant.  
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Source 
 
 
d.f 
 
F value 
 
P 
Weight 
Offspring sex * Age 
1  19.052        0.000*** 
Head and beak length 
Offspring sex * Age 
1  10.259      0.002** 
Tarsus length 
Offspring sex * Age 
1    9.921      0.002** 
Gonys depth 
Offspring sex * Age 
1  39.763        0.000*** 
Wing length 
Offspring sex * Age 
1    1.020  0.314 
 
Table 6.16: ANOVA using log-transformed body measures for chicks from 
unmanipulated (control) parents. 
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Figure 6.14: Male (■) and female (○) growth patterns in 2001 and 2002, for one measure skeletal  
size (tarsus length) and body weight. Bars represent ± one standard error. 
 
a)  Tarsus length 2001 
b)  Tarsus length 2002 
c)  Weight 2001 
d)  Weight 2002 
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6.3.3  Chick Fate 
 
Chick survival, as indicated by the last date that the chick was seen alive, appeared to 
be influenced by the laying history of the natural parents, using only the number of 
chicks alive after 10 days of age (Figure 6.15). In both 2001 and 2002, there was a 
slight decline in the proportion of chicks that survived more than 10 after hatching, as 
the number of previous clutches increased. However, this pattern did not hold for the 
final laying category in 2002, in which all of the chicks survived for more than 10 
days.  
 
The survival of chicks past 10 days of age, appeared to be affected by the laying 
history of the foster parents in a different way to that in which it was affected by the 
laying history of the natural parents, and appeared to be influenced by the year 
concerned (Figure 6.16). Firstly, in 2001, there seemed to be an increase in the 
number of chicks surviving as the total number of clutches laid increased. In 2002, 
however, the opposite occurred, with the number chicks surviving past 10 days 
declining as reproductive output increased. 
 
Despite these apparent trends, a logistic regression, using survival past 10 days of age 
as the dependent variable, with year, natural parent history and seasonal period 
(divided into intervals of 10 days) as factors in the analysis, found no significant 
relationship between chick survival and natural parent laying history (Wald’s χ²3 = 
0.746, n.s.). Chick survival was also unaffected by year (Wald’s χ²1 = 0.875, n.s.) and 
season (Wald’s χ²1 = 2.864, n.s.). The analysis was repeated using foster parent 
history as a factor and, once again, there was no significant relationship between   272
chick survival and foster parent laying history (Wald’s χ²3 = 0.714, n.s.). Chick 
survival was unaffected by year (Wald’s χ²1 = 1.020, n.s.), although it was affected by 
season (Wald’s χ²1 = 4.290, p = 0.038).   273
 
 
 
 
 
 
 
 
 
 
 
Figure 6.15: The relationship between the proportion of chicks alive at 10 days old, and the 
natural parent laying history, in 2001 and 2002. Laying history groups two and three have 
been combined. Bars represent ± 1 S.E. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16: The relationship between the proportion of chicks alive at 10 days old, and the 
foster parent laying history, in 2001 and 2002. Laying history groups two and three have been 
combined. Bars represent ± 1 S.E.
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Figure 6.17 demonstrates the relationship between chick survival to 10 days old and 
the season. There were two distinct peaks of high chick survival, during July (the 
sixth twenty-day interval) and September (the eighth twenty-day interval). These 
chicks with high survival came from eggs laid during the first and second main laying 
peaks in each year. At the very end of the breeding season, high rates of chick 
survival were, once again, evident. The troughs in chick survival occurred at the very 
start of the season (fourth interval), in early August (seventh interval) and again in 
September/October (tenth interval). These chicks came from eggs laid later than the 
peak periods of laying.  
 
The same analysis was repeated for chick survival past 20 days of age. This also 
showed that natural or foster parent history had no influence upon the survival of the 
chicks (results not presented, all non-significant). The repeat analysis did, however, 
confirm the influence of season upon chick survival (Wald’s χ²1 = 4.468, p = 0.035) 
when examining foster parent laying history. 
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Figure 6.17: The relationship between the mean proportion of chicks surviving to 10 days 
old, and the seasonal period for the years 2001 and 2002. Bars represent ± 1 S.E. 
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6.4  Discussion 
 
Earlier work on Silver Gulls nesting on Penguin Island indicated that neither the 
natural nor foster parent laying history affected hatching success (Lamont 1999). This 
suggested that the quality of eggs was maintained in replacement clutches and that the 
ability of foster parents to incubate the eggs was unaffected by increased egg 
production costs. The results from the 1999 study may have been confounded by the 
lack of separation between poor quality eggs that failed to hatch, and their poor 
quality parents that did not adequately incubate the eggs, also resulting in a failure to 
hatch. The current study was able to distinguish the effect of increased reproductive 
effort in natural parents on the hatching rates, by controlling for potential foster parent 
effects, in that only foster parents from control groups were allowed to incubate eggs 
from manipulated natural parents. The results of the current analysis support the 1999 
study, in showing no change in hatching rate with increased reproductive effort.  
 
Comparisons of the hatching success, growth rates and nestling mortality of Silver 
Gulls with other gull and tern species, can only be made for cases in which the full 
costs of egg production have been included, for reasons discussed in Chapter 1. 
Heaney and Monaghan (1995) found no change in hatching rates for the Common 
Tern when this species was induced to lay one extra egg within the normal laying 
sequence. Parsons (1975) found no difference in hatching success for Herring Gulls 
that were induced to lay a replacement clutch compared with controls. In addition 
there was no seasonal decline in Herring Gull hatching success (loc. cit.), with similar 
results also found in Brünnich’s Guillemot Uria lomvia (Hipfner et al. 1999). These 
trends parallel the Silver Gull, which also experiences no seasonal decline in hatching 
success.    277
Hatching success, regardless of previous laying history during the 1999 (Lamont 
1999) study, and the current study, was comparable to that recorded by Meathrel 
(1991) for Silver Gulls on Penguin Island in 1991. This similarity in hatching rates 
lends further support to the proposal that inducing Silver Gulls to re-lay does not 
negatively influence adults in such a way as to reduce the hatching success of the 
chicks. 
 
Chick growth, measured by changes in body mass, of Black-headed Gulls, Herring 
Gulls (reviewed by Meathrel 1991) and Kittiwakes (Coulson and Porter 1985) follow 
a logistic growth curve, although models were not fitted to the data by these authors. 
The same mode of growth was evident for the increase in body mass of Silver Gull 
chicks during the current study and Meathrel’s (1991) earlier study on Penguin Island. 
The logistic growth curves for all body measurements were similar to the growth 
curves of Lesser Noddies Anous tenuirostris melanops and a variety of other tropical 
tern species (reviewed by Surman 1992). The growth of the Silver Gull’s wing length 
is comparable to that of the Herring Gull (Parsons 1975), with growth initially slow, 
then followed by a period of rapid change as the requirement for wings increases 
close to fledging.  
 
A tarsus that grows more rapidly than wing length in Silver Gulls is consistent with 
their ground-nesting habit and the early mobility of their chicks. Only a few days after 
hatching, gull chicks move out of the nest into surrounding vegetation, presumably to 
reduce visibility to aerial predators. In comparison, the relatively slow-growing wings 
are not required until the chicks move away from the colony. This pattern of growth is   278
evident in many other ground-nesting species that also require early mobility to 
ensure survival including the Common Tern (Ricklefs 1979). 
 
Chick growth in Silver Gulls was influenced by the previous laying history of the 
natural and foster parents, the sex of the chick, the period during the season and the 
year in which the chick hatched. The experimental design employed for this study 
allowed determination of those areas where the reproductive costs associated with 
increased egg production had the greatest impact, either in the natural parent that 
produced the egg, or in the foster parent that raised the chick.  
 
Male and female chicks responded differently to the environmental conditions present 
in each year and were affected in different ways, depending on whether the natural or 
the foster parents had experienced the increased reproductive output. There was no 
clear indication that increased egg production leads to a decline in egg quality, rather 
than a decline in the ability of the foster parents to raise control eggs. It was expected 
that, with an increasing number of clutches being produced, either the quality of the 
egg would be affected, causing reduction in growth rate from chicks of manipulated 
natural parents, or that the ability to raise the chicks would decline among 
manipulated foster parents. The pattern that emerged for male chicks, however, was 
that those natural parents that laid at least two clutches in total appeared more capable 
of laying high quality eggs, than those individuals that laid only one replacement 
clutch. Similarly in the foster parents, those individuals that had laid at least two 
clutches, were more capable of raising control chicks, than those individuals that had 
laid only one replacement clutch. Chicks that were produced and raised by control 
parents also performed well, as was expected, because they were exposed to the   279
smallest degree of experimental impact. Interestingly, growth of the control chicks 
was equivalent to, or slightly less than, the growth seen in chicks from natural parents 
that had experienced the greatest increase in reproductive effort. The magnitude of the 
difference in growth rate between control chicks, and those chicks from foster parents 
that had experienced the greatest increase in reproductive effort was also very minor.  
 
Female chicks, in contrast, showed very little impact upon growth rates resulting from 
the year or the laying history of the parents. The resilience of female chicks to 
variations in maternal condition has also been recorded in the Lesser Black-backed 
Gull (Nager et al. 1999a; Nager et al. 2000). The female chicks did respond in a way 
that more closely resembled the expectation of increased laying effort causing a 
decrease in growth rate. The chicks from the control groups, or from birds that had 
laid only one extra clutch, generally grew faster than those chicks from parents that 
had experienced the greatest increase in egg production by producing at least three 
clutches.  
 
Breeding pairs that were capable of laying replacement clutches appear to represent 
individuals that had a higher overall condition or greater experience, characteristics 
that predispose them to risk laying a replacement clutch. The finding that the fastest 
growing male chicks were from natural or foster parents that had been experimentally 
stressed by re-laying, indicates that the a-eggs produced were not reduced in quality, 
nor was the condition of the parents reduced to a point at which their ability to raise 
their chicks would be affected. High quality individuals are more capable of 
producing offspring of the larger of the two sexes (Mills 1979; Nager et al. 1999a;   280
Kalmbach et al. 2001), so increased performance in male Silver Gull chicks from 
heavily manipulated parents may be an artefact of that.  
 
Female chicks grew faster in the final hatching period of the season, than female 
chicks that hatched at the beginning of the season. This result shows that female 
chicks grow well when produced or raised by parents that have laid several 
replacement clutches, as demonstrated earlier, and grow well at the end of the season. 
Those parents that are raising females late in the season, appear to have little trouble 
meeting the demands of female chicks, being the smaller sex. Parents may also be 
providing a greater level of care to chicks at this time considering the impending end 
to the season. Male chicks also grew more quickly at the end of the season, but this 
result was more likely due to an overwhelming influence from male chicks produced, 
or raised, late in the season by high quality parents, rather than any seasonal effect.  
 
The question remains unanswered as to whether b- or c-eggs may have received 
proportionately fewer nutrients, thereby reducing their quality. In species in which 
brood reduction occurs frequently, such as gulls, we might expect parents to 
maximize their investment in offspring, with the highest reproductive value when the 
supply of essential nutrients is limiting (Royle et al. 1999). In Lesser Black-backed 
Gulls, as well as other larid species, the third (or c-) eggs in the laying sequence tend 
to be smaller and contain fewer nutrients than a- and b-eggs (Meathrel and Ryder 
1987a; Reid 1987; Meathrel 1991; Royle et al. 1999), suggesting that parents may 
indeed bias investment of resources towards eggs with higher reproductive value 
(Royle et al. 1999). 
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The poorest performance among male and female chicks was by chicks produced by 
natural or foster parents that had laid only one clutch. These results highlight that, in 
Silver Gulls, reproduction does not take place unless the adults are in a condition 
adequate to do so without incurring major costs at any stage. If this condition 
threshold is not met, then Silver Gulls appear simply to delay their breeding attempt 
until conditions improve. The group of birds that laid only once may contain younger 
or poorer quality individuals. These individuals might have experienced a loss in 
condition after the first attempt and therefore did not go on to lay a second or third 
clutch. If the individuals that laid only one replacement clutch were of a poorer 
quality, or reduced condition, this may have resulted in the poor performance of male 
chicks. Male Lesser Black-backed Gull chicks were demonstrated to be more 
vulnerable to starvation under poor conditions, than female chicks (Griffiths 1992; 
Nager et al. 2000). This may also be the case for the Silver Gull.  
 
The stress imposed by the experimental protocol, was apparently not severe enough to 
cause a reduction in early or late survival in Silver Gull chicks. In contrast, 
Bukacinski et al. (1998) found that Lesser Black-backed Gull chicks that had been 
experimentally provided with food hid for longer, reducing their exposure to 
predation. Chicks fed less roamed more and subsequently had a lower survival rate in 
the first week of life (loc. cit.). Again, those Silver Gulls that were induced to lay 
more replacement clutches, did not show a corresponding increase in the degree of 
stress, in terms of survival of their offspring. Instead, they appeared to be the stronger, 
more resilient birds that were simply capable of re-laying without incurring a great 
cost. Individuals incapable of producing a high rate of survival in the offspring simply 
stopped laying eggs. A similar trend in fledging success was observed in Common   282
Terns, whereby individuals that laid replacement clutches, experienced a higher 
success than those birds that were laying first clutches at the same time (Wendeln et 
al. 2000).  
 
The low overall stress imposed on the Silver Gulls in this study may be an artefact of 
the reduced brood sizes at the chick-rearing phase, because each pair only had one 
chick to provision. Alternatively, the result may be a true reflection of the favourable 
breeding conditions experienced by Silver Gulls on Penguin Island. In Common 
Terns, adults that had been induced to lay, incubate and rear an extra egg, produced a 
second-hatched chick with a lower survival probability (Heaney and Monaghan 
1995). In Lesser Black-backed Gulls that had been induced to lay an extra egg, but 
incubated and raised the normal clutch of three, the survival of chicks from the 
additional egg was reduced (Monaghan et al. 1995).  
 
The design of the experiments by Heaney and Monaghan (1995), and Monaghan et al. 
(1995), involved adults rearing their own chicks, and thus did not allow them to 
distinguish between maternal influence and egg quality in the same way that the 
current study was able to. Reduced hatchling mass and poorer egg quality was 
implicated in reduced chick survival for Lesser Black-backed Gulls (Monaghan et al. 
1995), whereas a reduced capacity of parents to provision the brood was concluded 
for Common Terns (Heaney and Monaghan 1995). Heaney and Monaghan (1995) 
explained this discrepancy by noting that the study on Lesser Black-backed Gulls 
involved the production of a fourth egg, which was outside the range of their normal 
clutch size.  
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Meathrel (1991) concluded that the reproductive performance of Silver Gulls in 
Western Australia was not proximately controlled by the body condition of the laying 
female, measuring performance by examining clutch size and egg quality. This 
conclusion appears to be supported by the current study, which was unable to detect a 
decline in female or male body condition with increasing reproductive effort. Female 
gulls were not food-limited at the time of egg formation (Meathrel 1991), a result also 
supported in the current study, despite the extra egg production costs imposed. 
Meathrel’s (1991) study did not examine reproductive performance or the body 
condition of the adults during the chick-rearing phase, and this would be required to 
determine exactly how reproductive costs are partitioned in adults under conditions of 
increased egg production costs. 
 
Breeding success, a combination of hatching and fledging success, has been 
demonstrated by many other studies involving larids to be higher in those individuals 
laying earlier (Coulson 1966; Drent and Daan 1980; Mills 1989; Surman 1992). 
During the current study, hatching success, a good predictor of future fledging 
success, was not higher in Silver Gulls breeding early in the season, nor was this 
evident in Meathrel’s (1991) earlier work. Early survival in the Silver Gull was 
seasonal, although there was no simple decline in survival from the start of the 
breeding to the end of the season. Those chicks that experienced higher, survival rates 
early in life, were from eggs that had been laid during the two main laying periods 
each year. This suggests that those individuals which lay during these times may be of 
higher quality, so that they produce eggs of a higher quality, with a greater chance of 
survival for young nestlings. Interestingly, early chick survival rates increased again 
at the end of the season. This trend parallels the increase in egg size, and the decrease   284
in re-laying interval that occurred toward the end of the breeding season, and may 
indicate breeding at this time by more experienced, or high quality, individuals. With 
limited time remaining in the season, any breeding attempt at this time would require 
a high level of commitment by the parents to ensure that their effort was not wasted. 
The exact causes of the decline in breeding success of Silver Gulls throughout the 
season, remain unknown, although restricted access to food resources due to 
unfavourable climatic conditions is likely to form a significant contribution. 
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CHAPTER 7 – GENERAL DISCUSSION 
 
The Silver Gull is similar to many northern hemisphere, high latitude gulls and terns 
in that it is a long-lived species, breeds in highly synchronised colonies, rears semi-
precocial young and feeds in the nearshore zone or on land. Silver Gulls differ from 
many other gulls in their modal clutch size of two eggs, smaller body size, 
replacement of whole clutches lost but not individual eggs, protracted breeding season 
and ability to raise two broods within a season. The protracted laying season is 
believed to be linked to the warm, offshore, southward flowing Leeuwin Current 
during the colder months (May-September) which maintains surface water 
temperatures 3-4°C higher than would otherwise be the case (Wooller and Dunlop 
1979). This current leads to climatically similar and favourable springs and autumns, 
and mild winters.  
 
This study set out to investigate whether reproductive effects caused by increased egg 
production in high latitude gulls, would be replicated in a species with a much more 
protracted laying season. It was hoped that inducing Silver Gulls to lay additional 
clutches of eggs would reveal if the costs associated with increased reproductive 
effort would either be incurred by the parents, in terms of their physical condition or 
ability to raise their chicks, or would be passed onto their offspring. More specifically 
the study set out to answer the following questions: 
 
•  does extended female laying due to clutch loss lower the body condition of the 
breeding pair in a measurable way, and if so,  
•  does a lowered body condition result in reductions in individual fitness?    286
•  Do Silver Gulls manipulate their offspring sex ratio in response to increased 
reproductive effort? 
•  To what degree are the observed changes in reproductive success due to seasonal 
declines? 
 
Chapter 3 revealed that rising egg production costs, caused by removal of completed 
clutches, did not result in a decline in maternal condition in the Silver Gull, as 
measured by body mass divided by a measure of skeletal size. Instead, female 
condition remained very stable with increasing clutch number and, interestingly, 
experienced a slight, but non-significant, rise in condition when four or more clutches 
had been produced. Maternal condition declined toward the end of the breeding 
season, which may have been influenced by younger individuals, in poorer condition, 
laying for the first time late in the season. Seasonal declines in resource availability 
may also have contributed to maternal condition declines. Egg production is costly for 
females (Bolton et al. 1991; Monaghan et al. 1995; Nager et al. 1999b), but Silver 
Gulls will not lay replacement clutches at the expense of their own condition. One 
explanation of this result may be that only ‘high quality’ individuals in good 
condition, above some critical threshold, lay replacement clutches, and if that level of 
condition cannot be maintained, then relaying does not occur. The meaning of high 
quality in this context will be discussed later in this Chapter. 
 
On the central coast of Western Australia, most rainfall occurs over winter (April to 
October). Rainfall appeared to be linked to the timing of clutch initiation at the start of 
the Silver Gull breeding season, with a delayed start to laying observed in years of 
late autumn rainfall. Rainfall may have also contributed to the maintenance of   287
maternal condition in the Silver Gull, with adults exhibiting the highest levels of 
condition during times of peak rainfall. 
 
Increased egg production costs were partitioned to a minor extent toward the quality 
of the egg as demonstrated in Chapter 4. Evidence of costs incurred at the egg 
production stage was seen in variation of egg size with increasing clutch number, but 
the direction of this variation depended on the year in which the eggs were produced. 
Egg quality, however, was not reduced to such an extent as to affect the viability of 
the egg. Like many gulls, such as the Herring Gull (Parsons 1976), Lesser Black-
backed Gull (Houston et al. 1983) and the more closely related Red-billed Gull (Mills 
1979), Silver Gulls display a seasonal decline in egg size immediately after the main 
peak in laying, with a slight increase in egg size toward the end of the season. The 
probability of relaying also declines seasonally, while there is a seasonal increase in 
the relaying interval. These patterns are probably best explained by more experienced 
birds laying early in the season, followed by younger or less experienced birds later in 
the season; however, this was not tested during the current study. The differential in 
experience levels may dictate how individual birds respond to changing 
environmental conditions as the season progresses. The decisions involved, and the 
costs associated with relaying will change during the season as different factors, such 
as individual quality, climate and environment, and the time remaining whilst 
breeding is possible, operate at different times.  
 
Silver Gulls replace lost clutches, rather than replacing lost eggs to maintain their 
original clutch size. In addition, rather than laying a replacement clutch of smaller, 
less viable eggs within a short time period, these gulls appear to opt to conserve   288
resources and maintain their body condition. One mechanism, by which Silver Gulls 
could achieve this, is by laying the replacement clutch later in the season, or even wait 
until the following year. In this way adult gulls might be able to maintain body 
reserves, thereby ensuring their ability to reproduce at a later, more favourable time.  
 
Studies on other long-lived marine birds have often found that adults faced with 
experimental trade-offs favoured their own well-being over that of their offspring, in 
order to maintain their overall breeding lifespan (Hipfner et al. 1999). Bradley et al. 
(2000) found that their results did not indicate that intermittent breeding in the Short-
tailed Shearwater stemmed from a trade-off between the effort required for 
reproductive success and breeding lifespan. Rather, they suggested that individuals of 
higher quality are able to breed more frequently than others without any 
compensatory reduction in either their annual breeding success or their lifespan. This 
may also be the case in Silver Gulls.  
 
A significant shift in the offspring sex ratio toward females when egg production 
costs were raised was demonstrated in Chapter 5. This sex ratio bias occurred at the 
egg production stage only, with no further changes in sex ratio attributable to 
differential survival of chicks of either sex. An early bias toward male offspring 
associated with few clutches laid was replaced with a bias toward females, once four 
or more clutches had been produced. This sex ratio shift was in line with similar sex 
ratio biases observed in Lesser Black-backed Gulls (Nager et al. 1999a) and Great 
Skuas (Kalmbach et al. 2001), in which the bias was toward the smaller sex with 
increased reproductive effort. Shifts in offspring sex ratio toward the smaller sex were 
predicted, in part, by the Trivers and Willard (1973) hypothesis. Sex ratio variation in   289
the Silver Gull indicates that strategies are in place to manage the increased 
reproductive effort imposed by repeat laying. While the impact on egg quality and 
chick rearing ability may be minimal, offspring sex ratio variation indicates that 
individuals were not completely unaffected by laying replacement clutches. 
Interestingly, there was only very minor seasonal variation in the offspring sex ratio 
around equality, and no obvious bias near females toward the end of the season, as 
might be expected with the decline in egg size and maternal condition. This runs 
counter to the predictions of the Trivers and Willard (1973) maternal condition 
advantage hypothesis, which states that, parents in better condition should bias the sex 
ratio of their offspring toward the sex with the greater rate of reproductive returns. 
Although Silver Gulls did produce more male than female offspring in earlier 
clutches, this was not linked to greater maternal condition, and the seasonal reduction 
in maternal condition was not accompanied by an increase in the production of female 
offspring.  
 
Rather than declines in maternal condition triggering an overproduction of female 
offspring, Silver Gulls may have been responding to the number of clutches produced. 
If three clutches were produced under normal conditions, without experimental 
manipulation, the last clutch would naturally occur toward the end of the season. It 
then follows, that any female that had produced a higher number of clutches, may 
have had some sense of the impending end to the season, and thus may have elected 
to produce female offspring. Being the smaller of the sexes, female offspring would 
presumably be easier to rear in the poorer conditions experienced at the end of the 
season (Clutton-Brock 1991). This interpretation relies on parental provisioning rates 
being higher for male offspring than female offspring, therefore resulting in males   290
being the more expensive sex to raise. Alternately, male chicks may be more 
vulnerable to poor parental investment or unfavourable rearing conditions (Clutton-
Brock 1991), a situation evident in the Lesser Black-backed Gull (Griffiths 1992; 
Nager et al. 2000). Provisioning rates were not examined in Silver Gulls, thus 
providing scope for future investigation. 
 
Shifts in the offspring sex ratio in Lesser Black-backed Gulls were attributed to 
changes in maternal condition, specifically declines in the pectoral muscle (Nager et 
al. 1999a). While it is possible that the method used to assess maternal condition in 
the Silver Gull was not as sensitive as the method used on the Lesser Black-backed 
Gull, it was able to detect seasonal changes in maternal condition. Alternatively, by 
consistently measuring the maternal condition of the Silver Gull only after the clutch 
had been completed, only a measure of post-laying, possibly lower body condition 
could be gained. Further experimentation using alternative methods to assess body 
condition immediately prior to laying might provide further insight into the 
relationship between maternal condition and offspring sex ratio. 
 
Gull species that typically lay clutches of three eggs, such as Ring-billed Gulls 
(Meathrel and Ryder 1987b) and Audouin’s Gull (Genovart et al. 2003), demonstrate 
differential allocation of the sexes within the egg sequence. There was no difference 
demonstrated in the allocation of the sexes to the a- or b-egg in Silver Gulls. For 
species that typically lay two eggs, but often raise only one chick, such as the Silver 
Gull, there would be no benefit in allocating sexes to specific eggs within the laying 
sequence. Under normal conditions, if the loss of one egg or chick was likely, then 
equal allocation of the sexes would be the best option to ensure an equal ratio of adult   291
males and females in the breeding population. The presence of strong predatory 
activity by the King’s Skink and predatory birds on Penguin Island, creates a situation 
whereby Silver Gulls often lose eggs or chicks to predators. Another species that 
typically lays a two-egg clutch is the Great Skua (Kalmbach et al. 2001). While eggs 
produced late in the laying sequence, after egg loss, become progressively more male 
biased, the smaller sex in Great Skuas, the early and middle eggs of the laying 
sequence show no bias toward either sex (Kalmbach et al. 2001). Similarly, there 
would be no benefit for Great Skuas to allocate sex within the egg sequence.  
 
The decision to relay may reflect three potential trade-offs. The first is between 
maintenance of body condition to increase the probability of survival and 
reproductive success at a future date, and the loss of condition that will ensue due to 
the costs of reproductive effort. Once a female is committed to laying, the second and 
subsequent trade-off, then concerns the costs incurred by maintaining the quality of 
the egg versus the costs incurred in raising the chicks, if we assume that individuals 
will make a limited commitment to any particular breeding attempt. As mentioned 
earlier in this Chapter, there was no evidence of reduced egg quality, measured by egg 
size and hatching success. The third trade-off in the Silver Gull is between accepting 
the associated costs of relaying by the adult, and possibly wasting the breeding 
attempt by partitioning costs toward the chicks and thus lowering their offspring’s 
chances of survival. Support for this interpretation was revealed in Chapter 6 and lies 
in the reduced ability of parents to provision the young when made to relay, as 
opposed to a major reduction in egg quality. Laying replacement clutches is not 
uncommon during the Silver Gull breeding season in Western Australia, so it is not 
surprising that only a very minor cost in terms of chick growth, and no reduction in   292
hatching or survival, due to relaying was incurred during this study. Indeed, the 
results indicated, that parents who went on to lay several clutches, were better able to 
produce high quality eggs and raise high quality chicks than those individuals that had 
produced only two clutches. One mechanism that might explain this effect is that only 
‘high-quality’ individuals, capable of a successful breeding attempt went on to lay 
replacement clutches, apparently with no reduction in their investment in order to 
trade-off current and future reproduction. A similar mechanism was detected in 
Common Terns, whereby, earlier nesting, older individuals were more capable of 
renesting and had a very high-level of fledging success (Wendeln et al. 2000). Hence, 
these individuals were considered to be ‘high-quality’ (op. cit.).  
 
During this study, Silver Gulls were only required to raise one chick. It is possible 
that those individuals that had laid several replacement clutches elected to provide a 
higher level of care to their chick, considering that the season was nearly over and it 
may have been their last chance to produce a successful fledgling. In comparison, 
those individuals raising a chick earlier in the season would have had the opportunity 
to produce a second clutch of greater size and, therefore, could increase their fitness 
by conserving resources for the second breeding attempt.  
 
As the season progressed, and the window of breeding opportunity shortened, the 
probability of Silver Gulls producing replacement clutches declined, as would be 
expected. Individuals that could not produce a replacement clutch without a decline in 
maternal condition, appeared to delay the breeding attempt until the following season. 
However, some high quality individuals, capable of producing replacement clutches 
late in the season, ensured the success of their breeding attempt by producing large   293
eggs, without any subsequent decline in maternal condition. A similar pattern was 
demonstrated in Common Terns, in which individuals that produced replacement 
clutches after clutch loss, showed a greater increase in female mass during the second 
courtship period than the first (Wendeln et al. 2000). This mass increase was 
presumably due to a greater effort in courtship feeding by male Common Terns and 
demonstrated that females were not energy limited in laying replacement clutches 
(Wendeln et al. 2000).  
 
In addition to producing larger eggs, late laying Silver Gulls also produced male and 
female offspring that grew more quickly than chicks produced earlier in the season. 
Unfortunately it was not possible to determine if male chicks were growing more 
quickly if hatched late in the season, independent of increased egg production costs, 
compared with those that hatched earlier, due to unequal representation of male 
chicks in the late hatching pure control group. However, it was demonstrated that 
female chicks, with control natural and foster parents grew more quickly when 
hatched late in the season. These results provide some evidence that female chicks 
may be easier to raise when the maternal condition is lower (Clutton-Brock 1991), 
however, the growth of male chicks under the same circumstances is required in order 
to support this. 
 
Silver Gulls are not subject to the same environmental or time constraints as most 
higher latitude gulls, due to their extended breeding season. The current study has 
provided evidence in support of this. Many birds will lay more eggs than they 
eventually raise, as an insurance policy against egg loss; examples include Masked 
Boobies (Anderson 1990) and some penguin species (Williams 1995). This strategy   294
enables, in many cases, an optimal number of successful fledglings within the short 
time period available. When Silver Gulls lose either their a- or b-egg, in most cases 
they will not incubate the remaining single egg, and the breeding attempt is 
abandoned until sometime later (Lamont 1999). The loss of an egg at an early stage 
means that the probability of producing a viable fledgling is reduced. Therefore, 
Silver Gulls can enhance their fitness by abandoning the remaining egg and relaying 
further into the season. In this circumstance, the first or second egg can be thought of 
as a ‘test-egg’ rather than an insurance egg (usually the b- or c-egg). Silver Gulls may 
thus react to egg loss as a negative indicator about the quality of their environment 
and subsequently abandon that breeding attempt. The dynamics are changed because 
Silver Gulls have the opportunity to delay the breeding attempt until later in the 
season, when conditions may be more favourable. If this mechanism applies, then, to 
produce measurable impacts on the female’s condition by inducing replacement 
laying through clutch removal, a substantial number of clutch manipulations would be 
required, because the female has considerable time to regain condition in between 
attempts. This is in contrast to the costs obvious in Lesser Black-backed Gulls 
(Houston et al. 1983; Nager et al. 1999a).  
 
Thus, although it is possible to cause a delay in breeding among high quality Silver 
Gulls, it is not feasible for many high latitude gulls to do this. This suggests that the 
two groups are operating on different cues. Higher latitude species may be responding 
to shortened day lengths, lower temperatures or a reduction in food availability to 
trigger the cessation of laying. Silver Gulls, however, may be encouraged to lay 
replacement clutches by relative climatic equability throughout the protracted laying 
period, but only after threshold body conditions have been met.   295
 
Ultimately, the lifetime reproductive output of this species in Western Australia does 
not appear to be compromised by its smaller clutch size and determinate laying 
pattern. Rather, its lifetime output may be greater than that of gull species nesting at 
higher latitudes. Life-history theory would predict that birds that put more effort into 
each breeding attempt and become more stressed, should be shorter lived (Stearns, 
1992). Indeed, comparing the breeding life-spans of boreal gull species with that of 
Silver Gulls reveals that the mean annual survivorship for comparably-sized adult 
gulls in north-western Europe, such as Black-headed and Common Gulls (Larus 
canus), approximates 75% (Cramp and Simmons 1983), 12% less than Silver Gulls 
(Mills 1989). Another source found annual survivorship in the Black-headed Gull to 
be 90% (Prevot-Julliard et al. 1998). The breeding lifespan of these northern species 
(3.5 years) is considerably shorter than the average of 7.4 years for Silver Gulls in 
New Zealand (Mills 1989) and five to ten years in Western Australia (Wooller and 
Dunlop 1979).  
 
Silver Gulls apparently follow the same breeding protocol described by Rowley and 
Russell (1991) for many Australian passerines, in that adjustment of annual 
reproductive effort is achieved by variation in the length of the breeding season and 
the number of nesting attempts, rather than by variation in clutch size. So although 
Silver Gulls lay fewer eggs per clutch, double-brooding within a protracted season 
may produce a longer lifespan which, in turn, results in a greater lifetime reproductive 
success, as it does in Australian passerines and many tropical species (Skutch in 
Rowley and Russell 1991).  
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Silver Gulls appear to be constrained ultimately in further reproductive output by 
costs incurred at the egg production stage, translating into a reduced capacity of adults 
to provision their young. However, these costs are mild in comparison to those 
incurred by higher latitude larid species attempting to raise optimal brood sizes within 
a short time period. This difference is attributable to the ability of Silver Gulls to raise 
two smaller broods within a protracted breeding season.  
 
Despite egg production costs not appearing to be severely limiting, it is not known 
how these birds would respond if adults were given two or three chicks to raise. Gulls 
were not forced to relay under less than optimal conditions because there was still 
plenty of time and future opportunity to lay replacement clutches later in the season. 
During this study, Silver Gulls had only one chick to raise. If a full clutch of two, or 
even three, chicks was provided, would parental provisioning capabilities be further 
reduced, resulting in a reduction in breeding success? Would supplementary feeding 
of these breeding pairs overcome the stress caused by provisioning a larger clutch? 
These remaining questions provide much scope for future research involving Silver 
Gulls on Penguin Island.  
 
Future experimentation is also required to distinguish any relationships between the 
breeding ability of ‘high quality’ individuals and their age, timing of breeding and 
maternal condition. Long-term studies with known-age individuals would be required 
to resolve any age- and experience-related issues. Measurement of known female’s 
pectoral muscle, a protocol employed successfully by Bolton et al. (1991), or 
alternative methods, such as plasma-cholesterol concentrations (Alonso-Alvarez and 
Velando 2003), before and after relaying, may resolve the question of the influence of   297
maternal condition on the offspring sex ratio. Finally, gathering meteorological data 
and assessments of food availability, or supplementary feeding experiments, 
throughout the laying peak may help to explain some of the seasonal declines 
detected.    298
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